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Engineered outer membrane vesicles (OMVs) derived from laboratory strains of

bacteria are a promising technology for the creation of non-infectious, nanopar-

ticle vaccines against diverse pathogens. As mimics of the bacterial cell surface,

OMVs offer a molecularly-defined architecture for programming repetitive, high-

density display of heterologous antigens in conformations that elicit strong B and

T cell immune responses. However, antigen display on the surface of OMVs can

be difficult to control and highly variable due to bottlenecks in protein expres-

sion and localization to the outer membrane of the host cell, especially for bulky

and/or complex antigens. To address this shortcoming, we demonstrate attach-

ment of antigens utilizing the strong interactions between cohesin and dockerin

protein domains, spontaneous isopeptide bond formation between the engineered

domains SpyCatcher and SpyTag (or SnoopCatcher and SnoopTag), and a univer-

sal approach called AddVax (avidin-based dock-and-display for vaccine antigen

cross (x)-linking), all of which constitute the linkage of tagged antigens to the exte-

rior of OMVs that are remodeled to display multiple copies of a synthetic antigen

receptor (SNARE). With AddVax, we show that SNARE-OMVs can be readily dec-

orated with a molecularly diverse array of biotinylated subunit antigens, including

globular and membrane proteins, glycans and glycoconjugates, haptens, lipids,

and short peptides. When the resulting OMV formulations were injected in wild-

type BALB/c mice, strong antigen-specific antibody responses were observed that



depended on the physical coupling between the antigen and SNARE-OMV deliv-

ery vehicle. Next, we use AddVax to rapidly generate synthesized peptide antigen

vaccines against a cancer model and SARS-CoV-2, with the latter generating poten-

tial neutralizing antibodies against the virus. Extending beyond vaccines, we then

demonstrate modular attachment of antibodies to OMVs using general antibody-

binding domains for cancer cell targeting and immune modulation, and we com-

plete preliminary work on the combined incorporation of chemotherapeutic drugs

and attachment of functional cancer-targeting antibodies on OMVs. Overall, our

work on modular OMV designs has the potential to accelerate vaccine generation

and simplify vaccine stockpiling, and it lays a foundation for OMV-based cell tar-

geting and drug delivery.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Vaccination is the most effective means available to prevent infectious disease,

leading to the worldwide eradication of smallpox and a limited presence of

measles, mumps, tetanus and polio. All effective vaccines induce a long-lasting

immune response to facilitate removal of a particular disease-causing agent if it is

encountered in the future, a goal that is historically achieved by empirical means

using live-attenuated or inactivated pathogens [1]. However, high cost or low ef-

ficacy has limited such formulations to a few select disease targets. In addition,

live-attenuated vaccines come with a small but tangible risk of reversion to a vir-

ulent form after administration, abrogating any benefit of the vaccine [2]. Major

advancements in our scientific understanding of the immune system and vaccine-

induced protection in the past half-century has therefore led to a slew of rational-

design approaches that are now at the forefront of vaccine development. Vaccines

incorporating recombinant outer membrane vesicles (rOMVs) are one such ap-

proach that has shown increasing promise in the past decade, and the following

dissertation explores the varying ways rOMVs can be utilized to tackle current and

future diseases relevant to human health.

1.2 Vaccines and the adaptive immune response

The efficacy of a vaccine relies on its ability to imitate a natural infection by stimu-

lating the fast-responding, general defense functions of the innate immune system

and the long-lasting, specific memory response of the adaptive immune system

[3]. Stimulation of the innate immune system is achieved by incorporating im-
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munostimulating compounds (adjuvants) such as pathogen-associated molecular

patterns (PAMPs) or analogs that bind to pattern recognition receptors (PRRs) on

host cells, and which signal the release of pro-inflammatory cytokines to recruit a

variety of cells to the site of infection. Some cells like neutrophils respond quickly

to try and eliminate the pathogen. However, professional antigen presenting cells

(APCs), which uptake, process and display antigen fragments for recognition by T

cells, are critical for eliciting adaptive immunity [4].

Dendritic cells (DCs) are a critical APC to stimulate in vaccines due to their

ability to efficiently present antigen fragments on major histocompatibility com-

plex (MHC) molecules and initiate immunological memory through T cell activa-

tion [5]. Upon their maturation via PRRs and inflammatory cytokine signaling at

the site of infection, DCs transport to lymph nodes where they present antigen-

derived peptides to naı̈ve CD8+ T cells via MHC class I or to naı̈ve CD4+ T cells via

MHC class II, with each T cell expressing a unique T cell receptor (TCR) that may

bind to a particular MHC-loaded peptide. T cell activation occurs if the TCR binds

to a peptide with sufficient affinity and co-stimulation from DCs and the cytokine

environment [6].

Mature CD8+ T cells (also known as cytotoxic T cells) are a major component

of the cell-mediated adaptive immune response and are particularly important in

the defense against intracellular pathogens. These cells scan MHC class I-loaded

peptides on the surface of nearly all nucleated cells, and if a specific peptide is

recognized, the cell displaying it is destroyed to help limit the spread of infection

[6]. In contrast, mature CD4+ T cells (also known as helper T cells) can play a

role in both cell-mediated immunity and in B cell activation for the subsequent

production of high-affinity antibodies (humoral immunity). Upon binding to and

subsequent internalization of an antigen via a unique B cell receptor (BCR), B cells
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process and display antigen-derived peptides on MHC class II, like DCs. Then, if a

helper T cell recognizes the peptide, it can provide signals for B cell activation and

subsequent differentiation into antibody-secreting plasma cells or memory B cells.

Helper T cells may also initiate the process of somatic hypermutation to develop

higher affinity antibodies or differentiate into memory T cells that are quickly acti-

vated upon antigen re-encounter [4]. Two classes of antibodies frequently studied

after vaccination are immunoglobulin M (IgM), which are low-affinity and pro-

duced without T cell help, and IgG, which are higher affinity and predominantly T

cell dependent [7]. In general, antibodies are critical for minimizing infection from

and quickly eliminating extracellular pathogens [4]. To characterize the immune

response generated from a particular vaccine, an often used and convenient model

is to look for signatures of helper T cells type 1 (Th1), which play an important role

in cell-mediated immunity and the secretion of particular antibody subsets such

as IgG2a in mice or IgG1 in humans, and helper T cells type 2 (Th2), which are

associated with a strong humoral response and higher-affinity antibody subsets

such as IgG1 in mice or IgG2 in humans [7, 8]. However, the Th1/Th2 model has

limitations, with more recent work showing that there can be significant cross-talk

and a variety of downstream roles for both Th1 and Th2 cells [7, 9]

The design requirements for an effective vaccine largely depends on the na-

ture of the disease-causing agent. For example, live vaccines against smallpox

were effective due to their stimulation of long-lasting adaptive immunity against

conserved regions on the virus [10]. However, other pathogens such as HIV, Strep-

tococcus pneumonia, and Francisella tularensis have sophisticated means of evading

the immune system that cannot be addressed using traditional approaches [11–

13]. By understanding the mechanisms by which pathogens cause disease and

interact with the immune system, scientists have been able to rationally design
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novel formulations that expand the repertoire of effective vaccines in use today.

Nonetheless, many challenges remain. Efforts to create better vaccines are ongo-

ing for a wide range of disease targets, including but not limited to 25 high-priority

pathogens listed by the World Health Organization in 2016 [14].

1.3 Modern vaccine design

Numerous approaches to vaccine creation have been explored in recent decades

to increase protection as well as lower cost. These include but are not limited to

subunit vaccines and glycoconjugate vaccines.

1.3.1 Protein and peptide subunit vaccines

Subunit vaccines are composed of a specific set of protein or peptide antigens de-

rived from a pathogen. In many cases the antigens are recombinantly produced

in non-pathogenic organisms, eliminating the need to culture the pathogen and

lowering cost. However, designing an effective subunit vaccine can be challeng-

ing. The antigens critical for protection must be identified using a combination

of genome screening, antigen prediction, post-infection immunological data, and

trial-and-error [15]. Moreover, immune responses against purified antigens tend to

be weak and short-lasting, requiring the addition of an optimized formulation of

adjuvants as well as periodic booster administrations to maintain protection [16].

For over a half-century, aluminum salts were the only adjuvant approved by the

FDA, but it has become increasingly clear that aluminum and it’s variants (e.g., alu-

minum hydroxide and aluminum phosphate) often elicit a Th2-biased or otherwise

inadequate immune response that is poorly protective against many pathogens

[17]. In recent decades, more advanced adjuvants or adjuvant combinations called

adjuvant systems have been approved, including the oil in water emulsion MF59,
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synthetic mimics of bacterial and viral DNA in CpG-1018, and a mixture of alu-

minum salt and 3’-deacylated monophosphoryl lipid A derived from Salmonella

minnesota lipopolysaccharide (LPS) in adjuvant system AS04 [17–19]. Extensive re-

search on adjuvant formulations is ongoing with the goal of enhancing immune

response durability, magnitude and protection for a variety of subunit vaccines

[19].

1.3.2 Glycoconjugate vaccines

A strong T cell dependent immune response can be generated against most protein

antigens if there is sufficient stimulation from co-administered adjuvants. How-

ever, some antigens, including many carbohydrates, cannot be displayed on MHC

[20]. Consequently, naı̈ve T cells cannot be activated by dendritic cells and B cells

cannot receive the signals from T cells required for the production of high affinity

IgGs. In other words, the antigens are T cell independent. Scientists have over-

come this limitation by conjugating carbohydrate antigens to carriers containing

T cell epitopes (i.e., proteins and some lipids). As a consequence, if a B cell rec-

ognizes the conjugated antigen, both the antigen and carrier are internalized and

the T cell epitopes are subsequently displayed on MHC class II, providing the sig-

nals necessary for the production of T cell-dependent anti-carbohydrate IgGs [21].

Conjugate vaccines are now widely distributed and have been critical for signifi-

cant reductions in disease caused by S. pneumonia and Haemophilus influenzae type

B [22, 23]. Several preclinical studies have also shown that strong but non-covalent

association between T cell independent antigens and T cell epitopes is sufficient to

generate a strong immune response [24–27]. These studies may lead to the de-

velopment of lower cost formulations that would be particularly beneficial in the

developing world.
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1.4 Outer membrane vesicle vaccines

Outer membrane vesicles (OMVs) are protein-rich liposomes 20-250 nm in diame-

ter that are released from the outer membrane and periplasm of all Gram-negative

bacteria. Naturally, they play a variety of roles ranging from small molecule ac-

quisition to antibiotic resistance to virulence factor delivery [28]. Moreover, they

can elicit a strong inflammatory response due to the presence of several PAMPs in

their interior or on their surface, and many contain specific proteins or carbohy-

drates that further modulate the immune response [29]. This has led to numerous

studies exploring the application of OMV-based vaccines for a variety of targets.

1.4.1 Native outer membrane vesicles

For Gram-negative bacterial pathogens, vaccines composed of naturally-produced

or detergent-extracted OMVs have been shown to be an effective alternative to

live-attenuated formulations (Figure 1.1). Most initial studies relied on detergent-

extraction to increase yields and reduce the concentration of LPS, also known as

endotoxin, a molecule that is particularly toxic in humans and can cause severe

inflammation that may lead to septic shock [30, 31]. Notably, detergent extracted

OMVs from Neiserria meningitidis serogroup B are included in the clinically ap-

proved subunit vaccine Bexsero® for protection against the parent pathogen. Pre-

clinical studies have also demonstrated that OMVs from a variety of other species

can provide high protection rates without supplementation with additional adju-

vants, including Burkholderia pseudomallei, H. influenzae and Vibrio cholerae [32–34].
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Figure 1.1: Pathogen-derived OMVs are an alternative to attenuated pathogens for vac-
cination Empirically developed vaccines are traditionally generated through inactivation
or attenuation (e.g., via mutagenesis or removal of virulence factors) and some are still
in use today including the oral typhoid vaccine Vivotif. Live-attenuated vaccines have
a small risk of reverting to the virulent form in a vaccinated individual. For Gram-
negative bacteria, naturally formed or detergent-extracted OMVs mimic the cell outer
membrane and periplasm, and they can be used instead of live cells for vaccination. The
FDA-approved pediatric vaccine Bexsero® for protection against N. meningitidis includes
detergent-extracted OMVs along with three subunit protein antigens. Adapted from [35].

1.4.2 Chemical conjugation to native outer membrane vesicles

Detergent-extracted OMVs from N. meningitidis called the outer membrane pro-

tein complex (OMPC) serve as the carrier for the Haemophilus influenzae glycocon-

jugate vaccine PedvaxHIB® approved by the U.S. FDA in 1990. The success of

PedvaxHIB® is one of the first proven examples showing the adjuvanticity OMVs

can provide to heterologous molecules, and clinical studies showed that it outper-

formed other common protein carriers like CRM197 and diptheria toxoid (DT) [36].

More recently, preclinical studies demonstrated that OMVs can elicit strong im-

mune responses against a variety of other conjugated antigens, with substantially
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weaker immune responses achieved when the OMVs and antigens were simply

mixed without specific association. For example, chemical conjugation of OMPC

to protein antigens Pfs25 or Pfs230 from the malaria-causing parasite Plasmodium

falciparum blocked parasite transmission (as measured by inhibition of oocyst de-

velopment in mosquitoes), and Pfs230-OMPC performed better than Pfs230 con-

jugated to Exoprotein A (EPA), a carrier being evaluated in clinical trials (Clinical-

Trials.gov Identifier: NCT02942277) [37, 38]. Furthermore, Salmonella typhimurium

OMVs, termed generalized modules for membrane antigens (GMMAs) by Micoli

et al., enhanced immune responses to a variety of chemically-conjugated protein

antigens including P. falciparum Pfs25, P. falciparum CSP, and N. meningitidis fHbp as

well as oligosaccharide antigens from H. influenzae type b, N meningitidis serogroup

A and N. meningitidis serogroup C [39]. In all of the above studies, aluminum

adjuvant was included in all immunization test groups (specifically, aluminum

hydroxyphosphate sulfate in PedvaxHIB® and OMPC conugates, and aluminum

hydroxide in GMMA conjugates), indicating that OMVs provide adjuvanticity to

associated antigens beyond standard adjuvants.

1.4.3 Recombinant outer membrane vesicles

The main drawback of chemical conjugation to OMVs is the need to purify anti-

gens and OMVs separately followed by non-specific crosslinking of the antigen to

molecules on the OMV surface, resulting in a complex and costly formulation like

with many glycoconjugate vaccines. For instance, Prevnar 13, a glycoconjugate

vaccine mixture containing the protein carrier CRM197 linked to 13 polysaccha-

ride antigens from different serotypes of S. pneumoniae, is over four times more

expensive per antigen than the 23-valent vaccine Pneumovax 23 with no protein

conjugation (per U.S. CDC contracts ending on 3/31/2022). Although high anti-

gen concentrations can be achieved in OMV conjugates (up to ˜15% of the total
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protein mass [38]), it can also be difficult to determine what fraction is bound and

oriented in a way that is immunogenic, and the conjugation itself may inhibit po-

tential beneficial effects from other OMV components. For glycoconjugate vaccines

with protein carriers, protein glycan coupling technology (PGCT) was developed

to simplify production, whereby carbohydrate antigens are attached to specific lo-

cations on the carrier by oligosaccharyltransferase enzymes expressed in E. coli

[40, 41]. An analogous strategy has been explored to express heterologous pro-

tein and carbohydrate antigens on the surface of OMVs using recombinant DNA

technology [42]. Relying on a decades-long foundation of work on the display of

heterologous molecules on Gram-negative bacteria, so-called recombinant OMV

(rOMV) vaccines can be readily produced from non-pathogenic laboratory strains

of E. coli and administered without further modification. Preclinical studies have

demonstrated protective efficacy when rOMVs are engineered to display antigens

from a wide range of targets including the Gram-negative bacterium F. tularensis,

Gram-positive bacterium S. pneumoniae, and viruses such as influenza A [43–45].

Recombinant OMVs are typically created by fusing protein antigens to a native

protein that embeds in the OMV membrane, or, in the case of many carbohydrate

antigens, by replacing the natural O-polysaccharide (O-PS) component of LPS (Fig-

ure 1.2) [43, 45]. For protein display, a variety of fusion partners have been success-

fully used to display antigens on OMVs at high density, including autotransporters

like AIDA-I and Hemoglobin protease (Hbp) [46, 47], Cytolysin A (ClyA) [45, 48],

and the multi-domain protein Lpp-OmpA (Chapters 3 and 4) [49]. ClyA in partic-

ular has been studied extensively because it can enhance the immune response to

the antigen it is fused to [48], which may in part be due to its hemolysin activity

and ability to form dodecameric complexes that could aid in antigen display and

corresponding BCR cross-linking on B cells, a phenomenon that enhances humoral
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immune responses [50, 51]. Notably, rOMVs containing ClyA fused to a series of

peptide antigens derived from several influenza virus strains provided 100% pro-

tection from influenza A challenge and led to the formation of the start-up com-

pany Versatope Therapeutics in 2017 to generate a universal flu vaccine [45]. BCR

cross-linking may occur with monomeric fusion partners as well if the antigens

are displayed on OMVs at sufficient density, similar to vaccine formulations con-

taining synthetic liposomes incorpating lipidated antigens [52, 53]. Nonetheless,

high density external display may not be critical to get strong humoral immune

responses in some cases, with a few studies demonstrating that protective anti-

bodies can still be generated against antigens expressed solubly within the OMV

lumen or attached to the inner leaflet of the outer membrane [54–56]. However, at

least for some proteins such as OspA from Borrelia burgdorferi, surface exposure is

necessary to elicit an antigen-specific antibody response [57].

All of the methods described above for the generation of rOMVs rely on in vivo

expression, resulting in variations in antigen density based on the antigen char-

acteristics and display technology that make it challenging to compare immune

responses across studies. Heterologous display may also alter other characteris-

tics of OMVs including size, charge, and composition, which could have down-

stream effects on the immune response that have not been elucidated. Further-

more, immune responses vary based on the Gram-negative bacteria species and

strain used. For example, rOMV vaccines have been generated with OMVs iso-

lated from N. meningitidis, V. cholerae, and several strains of non-pathogenic E. coli

including E. coli K12 substrain JC8031, E. coli BL21 substrain ClearColi, and the

commensal/probiotic strain Nissle 1917, all of which have distinct protein com-

positions and characteristics [63–65]. Consequently, more work is both needed

and ongoing to better understand the benefits and drawbacks of different display
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Figure 1.2: Methods of heterologous antigen display on OMVs. (a) Protein antigens are
genetically fused to a scaffold protein that associates with the outer membrane. A sig-
nal peptide (sp) is typically included for translocation to the periplasm, usually via the
sec secretory pathway. Proteins in the OmpA family are multi-pass transmembrane pro-
teins that can be genetically modified to display fused antigens over the course of fold-
ing and insertion into the outer membrane. Autotransporters naturally contain a β-barrel
transmembrane transporter domain (β domain) and passenger domain displayed exter-
nally. For heterologous antigen expression, the native passenger domain is replaced with
or fused to a protein of interest. The β-barrel domain first folds in the membrane which
aids in transport of the minimally folded passenger through the pore it forms. Passenger
domain folding primarily occurs on the cell surface. Shown is the transport mechanism of
an inverse autotransporter (Type Ve secretion pathway) such as intimin, which contains an
N-terminal β domain and C-terminal passenger [58]. Most well-characterized autotrans-
porters are Type Va-d with an N-terminal passenger domain and C-terminal βdomain [59].
The transport mechanism of ClyA is not fully understood [60]. (b) Carbohydrate antigens
are assembled on undecaprenyl pyrophosphate (Und-PP) by glycosyltransferase (GTase)
enzymes and ligated to the core oligosaccharide of lipid A via WaaL, the native O-PS anti-
gen ligase in E. coli. The lipid-linked antigen is then shuttled to the outer membrane [61].
For both protein and carbohydrate antigens, OMVs that shed from the cell surface are iso-
lated from the bacteria and used directly for vaccination. Adapted from [62].
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technologies and OMV characteristics on the generation of protective immune re-

sponses against heterologous antigens.

1.4.4 Modular outer membrane vesicles

The generation of new rOMV vaccines is limited to antigens that can be expressed

well in Gram-negative bacteria. Furthermore, for those that can be expressed, ex-

tensive optimization and characterization is needed for each and every antigen.

A middle ground approach between the limits of rOMVs and cost of OMV-based

chemical conjugates is to use a modular design whereby a variety of antigens can

be tagged and attached to specific locations on an engineered OMV scaffold. This

concept was first explored in the development of recombinant vaccines containing

virus like particles (VLPs) which resemble the structure of a virus but contain no

genetic material. Achieving proper folding of VLPs with genetically fused antigens

is particularly challenging because the antigens can interfere with envelope folding

[66], and so a variety of modular methods of in vitro attachment were developed.

For example, incorporation of non-natural amino acids on envelope proteins fol-

lowed by covalent attachment of alkyne-linked protein subunits by click chemistry

has been demonstrated [67]. Covalent attachment has also been achieved utilizing

sortase-mediated ligation [68] as well as spontaneous isopeptide bond formation

between two engineered domains called SpyCatcher and SpyTag [69, 70] or the

complementary domains SnoopCatcher and SnoopTag [71]. The same concepts

can be applied to rOMVs, with SpyCatcher/SpyTag being studied most exten-

sively. In the first study demonstrating the concept, SpyTag domains were inte-

grated into the passenger domain of the OMV-associating autotransporter Hbp, al-

lowing the attachment of SpyCatcher-fused proteins [72]. Follow-up work focused

on combining SpyCatcher/SpyTag and SnoopCatcher/SnoopTag to display mul-

tiple antigens simultaneously [73]. More recently, several groups demonstrated
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the efficacy of the platform for generating protective immune responses against

bound antigens, including the generation of neutralizing antibodies against the re-

ceptor binding domain of SARS-CoV-2 [74] and inhibition of cancer growth using

multiple tumor-assocated peptide antigens fused to SpyTag or SnoopTag [75]. Ad-

ditional demonstrations of modular surface display on OMVs include the simulta-

neous attachment of three protein enzymes tagged with orthogonal dockerin do-

mains (derived from bacterial cellulosomes) to their cohesin domain binding part-

ners on OMVs [76], and the integration of eukaryotic glycosylphosphatidylinositol

(GPI)-anchored proteins into the OMV lipid bilayer [77].

1.4.5 Modulating OMV toxicity, vesiculation and adjuvanticity

The majority of research on recombinant OMVs relies on naturally released OMVs

rather than detergent extraction. However, due to the high concentration of en-

dotoxin (LPS) on their surface, such OMVs cannot be administered to humans

without modification. Consequently, several research groups have successfully

used genetic knockout strains that modify the structure of lipid A. Toxicity is pri-

marily based on lipid A-mediated activation of TLR4 which can lead to an uncon-

trolled release of the cytokine TNFα and excessive capillary leakage that may lead

to sepsis, among other cell-damaging effects [78, 79]. For E. coli OMVs, human

TLR4 activation is reduced by over 80% by removing one of the six lipid A acyl

chains through deletion of the lpxM/msbA gene [43]. Furthermore, TLR4 activa-

tion is abolished completely by removing an additional acyl chain and the entire

LPS core glycan, as is the case with strain KPM404, a BL21(DE3) derivative sold

commercially as ClearColi® by Lucigen [80]. However, a potential drawback of

these “detoxified” OMVs is that abolishing TLR4 activation may modulate the im-

mune response to recombinant antigens in undesirable ways. For example, MPL®,

a clinically-approved adjuvant derived from lipid A in S. Minnesota, is designed to
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maintain TLR4 activation with reduced toxicity and elicits a strong cell-mediated

immune response against co-administered antigens (Figure 1.3) [81–83]. More-

over, the large majority of rOMV vaccination studies have been performed in mice,

which have distinct TLR4 expression profiles and signal cascades compared to hu-

mans [84]. For example, tetra-acylated E. coli lipid A (referred to as lipid IVa),

which is present in the strain KPM404, is an antagonist of TLR4 in humans but a

weak agonist in mice [85]. Consequently, immune responses to detoxified OMVs

in mice may not always correlate to responses in humans, and more work is war-

ranted to determine the optimal adjuvanticity/toxicity balance of LPS in OMV-

based vaccines.

Another drawback of using native OMVs is that the rate of vesiculation is low

for many species and strains, requiring large volume cultures to get sufficient

material and raising production cost. Fortunately, OMV yields can be increased

through genetic engineering, as with detoxification. For example, E. coli K12 strain

JC8031 contains a double gene knockout (ΔtolRΔtolA) that substantially increases

OMV yields (i.e., the strain is hypervesiculating) and has been used to generate

rOMVs that elicit protective immune responses against recombinant protein or

carbohydrate antigens [43, 88]. However, not all hypervesiculating mutations are

created equal. Removing tolA, for instance, increases outer membrane leakiness

that results in many cytoplasmic components co-purifying with the OMVs. An

alternative deletion,ΔnlpI, increases vesiculation without a substantial increase in

cytoplasmic proteins and nucleic acids [89], andΔnlpI knockout strains have been

used to generate rOMV vaccines from a variety of E. coli strains [45, 90]. Further-

more, in a comparative study by Kesty et al. in which nearly all non-lethal single

gene knockouts in the E. coli K12 strain BW25113 were assessed for OMV produc-

tion, several dozen candidate genes were identified that increase vesiculation by
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Figure 1.3: Modifications to E. coli LPS to reduce toxicity. Wild type E. coli elicits LPS-
induced toxicity primarily through TLR4 activation, which can cause excessive cell dam-
age and systemic inflammation that may lead to sepsis. Removing an acyl chain by delet-
ing the lpxM gene significantly reduces TLR4 activation and subsequent toxicity. TLR4
activation is negligible with ClearColi BL21(DE3) LPS which contains 4 acyl chains and no
core oligosaccharide. MPL® adjuvant is derived from S. minnesota LPS and is chemically
treated to remove one phosphate group and one acyl chain, but the resulting formulation
also contains a mixture of many smaller derivatives with additional acyl chains removed
[86]. The adjuvant maintains good TLR4 activation with about 0.1% the toxicity of native
LPS [81]. The mechanism of MPL’s reduced toxicity is not well understood. It may be
due to modulation of the TLR4 signaling cascade [87] or TLR4 antagonism demonstrated
for some of the smaller derivatives in the adjuvant formulation [86]. Red asterisks denote
regions where native acyl chains or phosphate groups are removed.

at least 2-fold, demonstrating that there is much left to be explored. Interestingly,

the study also found that most mutations that reduce LPS-mediated toxicity also

reduce vesiculation rates when analyzed in isolation [91]. The effects of multiple

gene knockouts on OMV vesiculation and characteristics can be difficult to predict

and warrants further study.

A third goal when genetically modifying the OMV parent strain that is perhaps

the least explored is modulating adjuvanticity, beyond LPS modification. This can
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be done by altering the levels of other PAMPS that are present on or co-purify

with OMVs, including RNA, DNA, peptidoglycan, and flagellin [92]. Flagellin,

for example, is a TLR5 agonist that co-purifies with OMVs and its presence may

not be necessary and may even drive the immune response in undesirable ways.

Indeed, in a study in which mice were immunized with S. typhimurium OMVs pro-

duced from a ΔfliCΔfliB strain that does not produce flagellin, protective immune

responses were generated, although the authors did not provide a side-by-side

comparison of immune responses with wild-type OMVs [93]. The levels of each

PAMP will also depend on the bacteria strain and any genetic modifications used

to alter toxicity and vesiculation. For example, in JC8031, the knockouts designed

to increase vesiculation also cause more cytoplasmic components to be present in

OMV preparations, resulting in elevated RNA and DNA levels that may modulate

immune responses [89]. Furthermore, OMV size and charge from different species

and strains will vary, which could affect the efficiency of OMV internalization by

APCs [94] and of passive accumulation, where nanoparticles <100 nm (ideally <50

nm) in diameter can enter lymphatic vessels and be transported to lymph nodes

containing resident DCs through a biophysical mechanism called interstitial flow

[95].

An alternative way to modulate immune responses is to express or remove

biomolecules with unique immune-modulating roles. For example, Ail is an ad-

hesin and complement resistance mediator from Yersinia pestis that has been ex-

pressed on E. coli OMVs to increase internalization into epithelial cells, although

no in vivo studies were explored [96]. Moreover, capsular polysaccharide A (PSA),

which naturally associates with OMVs from the commensal species Bacteroides

fragilis, has been shown to increase immune tolerance by enhancing regulatory

T cell (Treg) and anti-inflammatory cytokine production, a feature that may be
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replicated via recombinant PSA production in another bacteria species [97]. Over-

all, there is much room left to be explored to modify existing or add heterologous

immunomodulatory molecules on OMVs for a variety of immune therapy appli-

cations.
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CHAPTER 2

MODULAR PLATFORMS FOR ON-DEMAND ASSEMBLY OF BACTERIAL

OUTER MEMBRANE VACCINES ENABLED BY SEQUENCE-SPECIFIC

PROTEIN-PROTEIN INTERACTIONS

2.1 Introduction

Outer membrane vesicles (OMVs) are spherical bilayered nanostructures ( 20-250

nm) ubiquitously released from the cell envelope of Gram-negative bacteria and

their production represents a bona fide bacterial secretion process [28, 98]. As

derivatives of the cell envelope, OMVs mimic the structural organization and con-

formation of the bacterial cell surface while also containing periplasmic lumenal

components. Natively produced OMVs mediate diverse functions such as increas-

ing pathogenicity in the host environment [99], promoting bacterial survival under

conditions of stress [100], and controlling interactions within microbial communi-

ties [101].

In addition to their natural biological roles, OMVs have enabled a spectrum

of bioengineering applications, most notably in drug and vaccine delivery, that

exploit the unique structural and functional attributes of these nanoparticle sys-

tems [42, 102–104]. OMVs are especially attractive as a vaccine platform because

they are non-replicating, immunogenic facsimiles of the producing bacteria and

thus contain the pathogen-associated molecular patterns (PAMPs) present on bac-

terial outer membranes [42, 102]. These PAMPs endow OMVs with intrinsic im-

munostimulatory properties that strongly stimulate innate and adaptive immune

responses [92, 105–107]. In addition to this in-built adjuvanticity, OMVs are right-

sized for direct drainage into lymph nodes and subsequent uptake by antigen pre-

senting cells and cross-presentation [108]. From a translational perspective, OMVs

can be readily produced at high quantities and commercial scales via standard bac-
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terial fermentation, and their clinical use has already been established in the con-

text of OMVs from pathogenic Neisseria meningitidis serogroup B (MenB), also

known as outer membrane protein complexes (OMPCs), that are the basis of a

polyribosylribitol phosphate (PRP) conjugate vaccine approved for Haemophilus

influenzae type b called PedvaxHIB® [109] and are a component of the MenB vac-

cine Bexsero® [110].

To generalize and expand the vaccine potential of OMVs, we and others have

leveraged recombinant DNA technology and synthetic biology techniques to en-

gineer OMVs with heterologous protein and peptide cargo [111, 112]. By targeting

expression to the outer membrane or the periplasm of an OMV-producing host

strain, both surface display as well as payload encapsulation are possible, pro-

viding versatility as biomedical research tools and vaccines. Typically, this in-

volves genetic fusion of a protein or peptide of interest (POI) to an outer mem-

brane scaffold protein (e.g., the E. coli cytolysin ClyA), with the resulting POI ac-

cumulating in released OMVs that can be readily recovered from the culture super-

natant. These methods have made it possible to enlist non-pathogenic, genetically

tractable bacteria such as Escherichia coli K-12 for the production of designer OMVs

that are loaded with foreign antigens of interest [35, 42]. When inoculated in mice,

such engineered OMVs stimulate antigen-specific humoral B cell and dendritic cell

(DC)-mediated T cell responses including activation of CD4+ and CD8+ T cells [48,

102, 105, 113]. Importantly, the immune responses triggered by antigen-loaded

OMV vaccines have proven to be protective against a range of foreign pathogens

including bacteria and viruses [45, 55, 114, 115] as well as against malignant tu-

mors [116]. While proteins and peptides remain the focus of most OMV-based

vaccine efforts, advances in bacterial glycoengineering have enabled decoration of

OMV exteriors with heterologous polysaccharide antigens, giving rise to a new
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class of glycoconjugate vaccines that can effectively deliver pathogen-mimetic gly-

can epitopes to the immune system and confer protection to subsequent pathogen

challenge [43, 61, 117]. Collectively, these and other studies have revealed that the

repetitive, high-density arrangement of antigens on the OMV surface enhances

the response to otherwise poorly immunogenic epitopes such as small peptides

and polysaccharides, which likely results from induction of strong B cell receptor

clustering.

These successes notwithstanding, the classical approach to loading OMVs with

foreign antigens prior to their isolation from bacterial cultures is not without its

challenges. For example, many antigens that are desirable from a vaccine stand-

point are incompatible with recombinant expression in the lumen or on the surface

of OMVs. While there can be many reasons for this, the most common bottlenecks

include misfolding, proteolytic degradation, and/or inefficient bilayer transloca-

tion of the POI, especially for those that are very bulky and/or structurally com-

plex. Because there are currently no effective tools for predicting a priori the ex-

pressibility of OMV-directed antigens, the creation of heterologous OMV vaccines

remains very much a time-consuming trial-and-error process that often must be

repeated for each new antigen. Even when a foreign antigen can be successfully

localized to OMVs, it may lack important post-translational modifications that are

formed inefficiently (or not at all) in the bacterial expression host. In addition,

it can be difficult or even impossible to precisely control the quantity of OMV-

associated antigen, thereby excluding antigen density as a customizable design

parameter.

To address these shortcomings, reliable strategies are needed for modular OMV

functionalization in which OMV vectors and structurally diverse target antigens

are separately produced and then subsequently linked together in a controllable

20



fashion. Along these lines, direct chemical conjugation of proteins and polysac-

charides to OMVs/OMPCs following their isolation has been reported [37, 109];

however, this technique involves non-specific attachment of antigens to unknown

OMV components and thus is heterogeneous and difficult to predict or analyze.

Moreover, non-uniform coupling of antigen to particulate carriers may result in

sub-optimal immunogenicity. For more precise, homogenous antigen attachment,

site-specific conjugation methods are preferrable. To this end, two groups recently

demonstrated specific bioconjugation on OMVs by adapting a “plug-and-display”

approach that had previously been developed for decorating virus-like particles

with protein and peptide antigens [70]. This approach involved the use of the

SpyTag/SpyCatcher protein ligation system to covalently attach purified SpyTag-

antigen (or SpyCatcher-antigen) fusion proteins onto cognate SpyCatcher-scaffold

(or SpyTag-scaffold) fusions that were expressed on the surface of OMVs [72, 75].

In addition, a separate group demonstrated the display of three proteins on OMVs

by taking advantage of the strong specific binding between cohesin and dockerin

protein domains (Kd 10-11) [118]. Specifically, OMVs displaying a triple fusion of

three orthogonal cohesin domains on OMVs was used to attach three dockerin-

fused enzymes in a specific order that allowed for an increased reaction rate of a

3-enzyme pathway [76]. However, no vaccine applications were explored.

Here, we expand the repertoire of ”plug-and-display” OMV vaccine designs

first by demonstrating the modularity of the cohesin/dockerin approach for at-

taching a variety of protein antigens to OMVs. Next, we create novel designs using

SpyCatcher/SpyTag and the complementary SnoopCatcher/SnoopTag domains to

covalently attach multiple protein antigens to a single OMV scaffold. The Spy-

Catcher/SpyTag approach was also shown to be applicable to attaching glycocon-

jugates to OMVs with the aim of improving anti-carbohydrate immune responses.
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It should be noted that, at the time this work began, there were no known pub-

lished studies demonstrating multi-antigen display with SpyCatcher/SpyTag and

SnoopCatcher/SnoopTag nor antigen-specific immune responses from rOMVs uti-

lizing modular OMV functionalization.

2.2 Results

2.2.1 Attachment of multiple copies of GFP to scaf3 OMVs

To test the cohesin/dockerin approach, we first expressed the membrane-

associated scaffold ice nucleation protein (INP) fused N-terminally to three con-

secutive cohesin domains from Clostridium cellulolyticum (CC), Clostridium thermo-

cellum (CT) and Ruminococcus flavefaciens (RF) on JH8033 OMVs using expression

plasmid pVLT33-scaf3 [76]. The plasmid also encodes a cellulose binding module

between CC and CT which is important in the enzyme cascade for which the pro-

tein fusion was originally developed but was not utilized in our work. To confirm

binding specificity of the orthogonal cohesin and dockerin domains, three green

fluorescent protein (GFP) fusions with dockerins DockCC, DockCT, or DockRF

fused at the C-terminus were expressed from E. coli BL21(DE3) and cell lysate was

incubated with scaf3 OMVs. Following washes to remove unbound protein, the

amount remaining was analyzed by Western blot and compared to unfused GFP

(Figure 2.1a). Whereas unfused GFP was undetectable after washing, all three

GFP-dockerin fusions were detected when mixed with scaf3 OMVs on an indi-

vidual basis. Furthermore, when all three GFP-dockerin lysates were mixed with

the same scaf3 OMV sample, Western blot analysis suggests that multiple copies

of GFP were attached to the same scaffold using this approach. For additional

evidence of multi-display, a similar assay was performed with purified proteins

where equal amounts of GFP-dockerins or a mixture of all three were incubated
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with scaf3 OMVs and GFP attachment was quantified by fluorescence. When sin-

gle GFP-dockerins were incubated with scaf3 OMVs, 50-150 ng GFP/µg KDO was

detected, where KDO (3-Deoxy-D-manno-oct-2-ulosonic acid) is a core sugar in

LPS quantified by a Purpald assay [119] and a correlate of OMV concentration. In

contrast, when all three GFP-dockerins were mixed with the same scaf3 OMV sam-

ple, 240 ng GFP/µg KDO was measured, indicating multiple copies were attached

to the same scaffold (Figure 2.1b). Although more work is needed to confirm that

all three GFP-dockerins can be attached the same scaffold with high efficiency and

specificity, we transitioned our focus to analyzing more vaccine-relevant antigens

as described in the next section.
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Figure 2.1: GFP-dockerin binding to scaf3 OMVs containing three orthogonal cohesin
domains. (a) (left of dotted line) Immunoblot analysis of GFP, GFP-DockCC, GFP-DockCT,
and GFP-DockRF expression in BL21(DE3) using an anti-6xHis antibody following soni-
cation to extract soluble protein. (right of dotted line) Immunoblot analysis of each lysate
following incubation with scaf3 OMVs and washing to removing unbound protein. Bands
between 100 kDa and 150 kDa are at the expected location of INP-scaf3, which also con-
tains a 6xHis tag. The last lane corresponds to mixing all three dockerin fusion lysates with
the same scaf3 OMVs. (b) Binding of purified GFP-dockerins to scaf3 OMVs quantified by
fluorescence using a starting concentration of 0.5µg GFP or GFP-dockerin per 1 µg scaf3
OMV and following washing to remove unbound protein. Binding was normalized to the
LPS core sugar KDO, where KDO concentration should be unaffected by the presence of
GFP.
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2.2.2 Multi-display of F. tularensis antigens on scaf3 OMVs

F. tularensis (Ft) is a Gram-negative intracellular bacterial pathogen and the

causative agent of tularemia, a disease that can be lethal without treatment. It

is also designated as a potential bioterrorism agent by the U.S. CDC due to its low

infectious dose and ability to aerosolize [120]. Consequently, there is ongoing re-

search on developing an effective vaccine. Recently, the DeLisa lab demonstrated

that E. coli OMVs displaying the O-polysaccharide (O-PS) from Ft LPS elicits pro-

tective immune responses in mice, but only extended survival was achieved upon

challenge with the highly virulent strain SchuS4 [43]. Here, were explore whether

OMV-based vaccines could also be generated with Ft protein antigens using the

cohesin/dockerin approach. Specifically, we worked with the Ft antigens DnaK,

GroEL, and KatG, all of which are secreted at high levels by the bacterium and

have been explored as potential vaccine targets [121]. Each antigen was fused to

an orthogonal dockerin domain (i.e., DnaK-DockCC, GroEL-DockCT and KatG-

DockRF) with a C-terminal 6xHis tag and soluble expression was analyzed follow-

ing growth and induction in E. coli BL21(DE3). All proteins were detected by im-

munoblot, with DnaK-DockCT providing the highest signal. Next, we performed

a cell lysate docking experiment with scaf3 OMVs, like with the GFP-dockerins

described in the last section. Western blot signals indicated that all three fusions

were attached to scaf3 OMVs on an individual basis. Moreover, we acquired pre-

liminary evidence indicating that simultaneous binding of all three antigens to the

same scaf3 scaffold on OMVs can be achieved, supported by the much lower pro-

tein signal present when all three cell lysates were incubated with blank OMVs

containing no cohesin domains (Figure 2.2a). Next, we successfully purified each

fusion from BL21(DE3) for binding studies and potential downstream immuniza-

tions (Figure 2.2b). However, in a single binding experiment with purified anti-
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gens, minimal differences in binding between scaf3 OMVs and blank OMVs were

detected, possibly due to incomplete washing or poor protein purity (data not

shown). No repeat experiments were performed as we chose to refocus our work

on the Catcher/Tag platform as described in the following sections. However, the

cohesin/dockerin platform still has potential and additional work is warranted.
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Figure 2.2: F. tularensis antigen-dockerin binding to scaf3 OMVs containing three or-
thogonal cohesin domains. (a) Binding of Ft DnaK-DockCC, GroEL-DockCT, and KatG-
DockRF-containing cell lysates to scaf3 OMVs. Blank OMVs were purified from JH8033
cells that do not contain the scaf3 expression plasmid. (b) SDS-PAGE Coomassie blue stain
of purified dockerin fusions. Arrowheads indicate the location of full-length protein.

2.2.3 Fusion of maltose-binding protein to ClyA-SpyCatcher OMVs

SpyCatcher and SnoopCatcher are ˜15 kDa protein domains that form a sponta-

neous isopeptide bond with ˜2 kDa domains SpyTag and SnoopTag at neutral pH,

respectively. The first study demonstrating the use of these domains to attach het-

erologous antigens to OMVs linked SpyCatcher and SnoopCatcher antigen fusions

to OMVs displaying an Hbp autotransporter incorporating SpyTag and SnoopTag

within the passenger domain [72]. We hypothesized that it would be more prac-

tical to fuse antigens to the smaller-sized SpyTag or SnoopTag domains to limit
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potential impacts on protein expression. To test this, we fused SpyCatcher to the

C-terminal end of ClyA with a FLAG detection tag in the linker region or at the C-

terminus. In addition, we created analogous fusions with the control domain Spy-

Catcher EQ which contains a mutation that prevents isopeptide bond formation

in the presence of SpyTag (Figure 2.3a). All four ClyA fusions were successfully

expressed on JH8033 OMVs. To test function, maltose binding protein (MBP) with

an N-terminal SpyTag [69] was expressed in BL21(DE3), purified and incubated

with SpyCatcher OMVs. Following washes to remove unbound MBP, a Western

blot with anti-MBP antibody was performed to analyze isopeptide bond forma-

tion. Bond formation was confirmed with both ClyA-FLAG-SpyTag and ClyA-

SpyTag-FLAG OMVs by the presence of 75 kDa bands corresponding to the ClyA-

SpyCatcher-SpyTag-MBP fusion. In contrast, SpyCatcher EQ control sample lanes

only contained a band at 40 kDa corresponding to unfused SpyTag-MBP that was

not removed in the washing step (Figure 2.3b).

2.2.4 Glycoconjugate and multi-antigen fusion to Catcher OMVs

Next, we analyzed additional antigens and catcher designs. First, we tested the

ability of the SpyCatcher/SpyTag platform to attach glycoconjugate vaccines to

OMVs. Glycoconjugate vaccines contain carbohydrate antigens linked to protein

carriers to boost anti-carbohydrate immune responses, but in some cases immune

responses are still inadequate, particularly for small oligosaccharide antigens [122].

Attaching glycoconjugates to Catcher OMVs may boost anti-carbohydrate immu-

nity, similar to the direct attachment of Hib to OMPC in PedvaxHIB [109] but

with better control of antigen density and location. To demonstrate attachment

of SpyTagged glycoconjugates to ClyA-SpyCatcher OMVs, we genetically fused

a 4xDQNAT glycosylation motif to the C-terminus of SpyTag-MBP and purified

the protein from BL21(DE3). Next, we performed in vitro glycosylation to transfer
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Figure 2.3: Isopeptide bond formation between SpyTag-MBP and ClyA-SpyCatcher
OMVs. (a) ClyA fusion designs for expression of SpyCatcher and SpyCatcher EQ on
JH8033 OMVs. (b) (left half) Expression of ClyA fusions on purified OMVs verified by
detection with an antibody against the FLAG tag. (right half) Detection of SpyTag-MBP
using an anti-MBP antibody after incubating with ClyA-SpyCatcher OMVs and washing
by ultracentrifugation to remove unbound protein. Bands at 40 kDa correspond to SpyTag-
MBP and bands at 75 kDa correspond to successful isopeptide bond formation yielding
ClyA-SpyCatcher-SpyTag-MBP.

lipid-linked oligosaccharides (LLOs) containing Ft O-PS recombinantly produced

in E. coli to SpyTag-MBP-4xDQNAT via the Champylobacter jejuni oligosaccharyl-

transferase PglB [41, 43, 123]. Next, the resulting mixture of glycosylated and ung-

lycosylated protein antigen was incubated with JH8033 ClyA-SpyCatcher-FLAG

OMVs and analyzed by Western blot. Signal corresponding to isopeptide bond

formation was detected with both anti-MBP and FB11, a monoclonal antibody

that recognizes F. tularensis LPS, indicating that some glyoprotein was attached to

OMVs (Figure 2.4a) However, the glycosylation signal was weak and more analy-

sis is needed to determine whether or not unglycosylated SpyTag-MBP-4xDQNAT

preferentially ligates to ClyA-SpyCatcher OMVs.

In addition to attaching glycoconjugates, we attempted multi-antigen display,

like with the cohesin/dockerin approach described in section 1 and 2. However,

unlike with cohesin/dockerin-based attachment, the catcher/tag method forms
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stable covalent bonds which is desirable from a vaccine standpoint because the

antigens would less likely dissociate from the OMVs in vivo. Specifically, we genet-

ically engineered the multi-domain fusion ClyA-SpyCatcher-SnoopCatcher (ClyA-

SpC-SnC) containing a C-terminal FLAG tag and expressed it on JH8033 OMVs.

Next we incubated the OMVs with purified SpyTag-MBP [69], SnoopTag-MBP

[124] or both at once and analyzed isopeptide bond formation by Western blot.

Both Spy- and Snoop-tagged MBP were successfully fused to ClyA-SpyCatcher-

SpyTag OMVs and a distinct band was detected at ˜150 kDa indicative of multi-

antigen display (Figure 2.4b). Nonetheless, the presence of distinct bands at lower
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Figure 2.4: Glyconjugate and multi-antigen fusion to catcher OMVs. (a) Western blots
following incubation of SpyTag-MBP or a mixture of SpyTag-MBP and the glycoconjugate
SpyTag-MBP-FtO3 with ClyA-SpyCatcher OMVs produced from JH8033. Anti-MBP de-
tects both aglycosylated and glycosylated SpyTag-MBP, and FB11 detects the Ft O-antigen.
(b) Western blots following incubation of SpyTag-MBP, SnoopTag-MBP or both with ClyA-
SpyCatcher-SnoopCatcher OMVs produced from JH8033. Fusion efficiency was monitored
with anti-FLAG, which binds to the scaffold, and anti-MBP. Graphics indicate what each
band likely corresponds to.

molecular weights when probing with anti-FLAG indicates that the reaction was

incomplete and many scaffolds were fused to only one antigen or none at all. Con-

sequently, greater antigen attachment may be achieved by optimizing the reaction
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conditions and modifying the fusion designs to increase accessibility between the

binding domains.

2.3 Discussion

In this work we provided a first demonstration that up to three antigens of thera-

peutic interest can be attached site-specifically and simultaneously to OMVs dis-

playing three independent cohesin domains. Although more characterization and

optimization of binding conditions is first required, vaccination studies could soon

be performed and immune responses analyzed against each of the F. tularensis pro-

teins (DnaK, GroEL, and KatG). It may also be possible to combine F. tularensis

protein antigen and O-PS display on the same OMVs. That is, glycOMVs display-

ing the Ft O-PS, which we’ve shown provides complete protection against the less

virulent live vaccine strain (LVS) but only extended life against the highly viru-

lent strain SchuS4 [43], could be engineered to simultaneously display INP-scaf3

on the surface by the addition of the pVLT33-INP-scaf3 plasmid into the parent

strain. Subsequently, an OMV-based vaccine displaying F. tularensis O-PS, DnaK-

DockCC, GroEL-DockCT, and KatG-DockRF could be administered to mice fol-

lowed by challenge studies that may result in improved protection against SchuS4.

Here, we were also the first to show that the SpyCatcher/SpyTag platform

can be used to attached glycoconjugate vaccines to OMVs with the aim of im-

proving anti-carbohydrate immunity. Subsequently, a fundamental understand-

ing of carbohydrate immunity in an OMV context may be obtained by comparing

anti-O-PS immune responses when the polysaccharide is delivered as part of gly-

cOMVs, SpyTag-glycoconjugates attached to SpyCatcher OMVs, or as glycoconju-

gates mixed with standard adjuvants (e.g., aluminum hydroxide). Follow-up work

would focus on expanding the repertoire of carbohydrate antigens that could be
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attached to OMVs such as PRP glycoconjugates for protection from H. influenzae

type B that may serve as an alternative to the direct OMV conjugation in Pedvax-

HIB, and poorly immunogenic tumor associated carbohydrate antigens (TACAs)

including GD3, GD2 and Lewis Y [122].

By combining the orthogonal domains SpyCatcher and SnoopCatcher on the

same OMV scaffold, we demonstrated stable covalent attachment of multiple

antigens fused to SpyTag and SnoopTag domains, respectively, which may be a

more attractive alternative to the cohesin/dockerin approach that relies on re-

versible, noncovalent interactions. Moreover, the smaller combined size of the

catcher and tag domains (˜15 kDa and ˜2 kDa, respectively) compared to co-

hesins and dockerins (14-18 kDa and 10-18 kDa, respectively) may be desirable

to limit impacts on antigen expression or off-target immune responses. Nonethe-

less, the cohesin/dockerin approach still has the advantage of being able to at-

tach more antigens to OMVs (three with the current design). Future work with

the catcher/tag platform would focus on attaching vaccine-relevant subunit anti-

gens including DnaK, GroEL or KatG from F. tularensis, which could allow for

a comparative study with the cohesin/dockerin approach. In addition, Neisse-

rial adhesin A (NadA), Neisserial Heparin Binding Antigen (NHBA), and factor

H binding protein (fHbp), which are subunit protein antigens in the clinically-

approved N. meningidis serotype B (menB) vaccine Bexsero, could be attached to

OMVs using both designs. In Bexsero, 25 µg menB OMVs are combined with 50 µg

of each subunit protein antigen along with aluminum adjuvant, and we hypoth-

esize that direct OMV attachment may substantially decrease the required pro-

tein antigen dose, among other potential immunological benefits stemming from

OMV-based adjuvanticity. While we were the first to show combined display of

functional SpyCatcher and SnoopCatcher domains on OMVs using a single ClyA
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anchor, other studies demonstrating multi-antigen display have since been pub-

lished. For example, SpyTag and SnoopCatcher domains were integrated into the

passenger domain of the Hbp autotransporter [73], and separate ClyA-SpyCatcher

and ClyA-SnoopCatcher fusions were simultaneously displayed on OMVs for at-

tachment of tumor-associated peptide antigens [75]. Nonetheless, each design has

potential advantages and disadvantages, and additional designs along with cross-

comparative studies could lead to more effective formulations with higher antigen

binding capacity and/or stronger antigen-specific immune responses. For exam-

ple, some of the membrane anchors described in Chapter 3 for surface display of

an biotin-binding avidin domain, including Lpp-OmpA and IgA protease (IgAP),

may serve as better fusion partners for the display of catcher domains or cohesin

domains on E. coli OMVs.

2.4 Materials and methods

Strains, growth media, and plasmids

All OMVs in this study were isolated from the hypervesiculating E. coli strain

JH8033, which contains the ΔlpxM deletion to render its LPS less reactogenic [43].

E. coli strain BL21(DE3) (Novagen) was used to express and purify all protein anti-

gens for docking experiments. All cells were grown in Luria-Bertani (LB) media

(10 g/L tryptone, 10 g/L NaCl, and 5 g/L yeast extract) or LB supplemented with

agar (LBA).

All plasmids used in this study are described in Appendix Table 7.1. Stan-

dard restriction enzyme-based cloning methods were used and sequences were

confirmed through Sanger sequencing performed by the Cornell Biotechnology

Resource Center (BRC) unless specified otherwise. Plasmid pVLT33-INP-scaf3, for

expression of cohesin domains on OMVs, was made previously [76]. For expres-
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sion of GFP antigen for docking on OMVs, the gene encoding FACS-optimized

GFPmut2 with a C-terminal 6xHis tag was cloned in pET24a(+)-CmR between

SacI and HindIII restriction sites, yielding pET24a-GFP. Plasmids pTrc99a-GFP-

DockCC, pTrc99a-GFP-DockCT, pTrc99a-GFP-DockRF were acquire from Wilfred

Chen [76] and encode GFP between restriction sites SacI and XmaI and dockerins

with a C-terminal 6xHis tag between XmaI and HindIII. To increase expression of

each GFP-dockerin fusion in E. coli, we cloned the fusions into pET24a(+)-CmR

between SacI and HindIII restriction sites. F. tularensis antigens DnaK, GroEL,

and KatG encoded in pBAD18a were acquired from lab stocks prepared by Linx-

iao Chen, which are believed to be based on work by Lee et al. [121]. DNA

sequences of each antigen were PCR-amplified with flanking SacI and XmaI re-

striction sites and used to replace GFP in each pTrc99a-GFP-dockerin construct be-

tween restriction sites SacI and XmaI, yielding pTrc99a-FtDnaK-DockCC, pTrc99a-

FtGroEL-DockCT, and pTrc99a-FtKatG-DockRF.

For the catcher/tag work, plasmids encoding SpyTag-MBP, SnoopTag-MBP,

SpyCatcher, SpyCatcher EQ and SnoopCatcher were acquired from Addgene (see

details in Appendix Table 7.1). To generate pBAD24-ClyA-SpyCatcher-FLAG, the

native E. coli ClyA DNA sequence was amplified from pGEX4T1-ClyA-Affibody

[125] and cloned into pBAD24 between NcoI and XmaI restriction sites. Spy-

Catcher was cloned between XmaI and XhoI with a GGGG linker immediately

after XmaI, and a FLAG tag and stop codon was added between XhoI and HindIII.

To generate pBAD24-ClyA-FLAG-SpyCatcher, SpyCatcher was cloned between

XmaI and HindIII with a FLAG tag replacing the GGGG linker. SpyCatcherEQ

constructs were prepared the same way. To generate the triple fusion ClyA-

SpyCatcher-SnoopCatcher, pBAD24-ClyA-SpyCatcher-FLAG was first modified

to contain SpeI and XbaI restriction sites between SpyCatcher and XhoI. Subse-
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quently, SnoopCatcher was amplified with a 5’ GGGGSGGGGS encoded linker

and cloned between SpeI and XbaI. To generate pET28a-SpyTagMBP-4xDQNAT,

a 4xDQNAT glycosylation tag was inserted between SacI and HindIII restriction

sites in pET28a-SpyTagMBP (Addgene #35050).

Protein purification

For production of all protein antigens, BL21(DE3) cells containing plasmids corre-

sponding to each antigen were grown overnight at 37°C in 5 mL LB supplemented

with the appropriate antibiotic and subcultured 1:100 into the same media. Pro-

tein expression was induced with 0.1 mM isopropyl-β-D-1-thiogalactopyranoside

(IPTG) when culture densities reached an absorbance at 600 nm (Abs600) of 1.0

and proceeded for 16 h at 30°C. For docking experiments with cell lysates, 5 mL

cultures were pelleted at 3,000 xg and resuspended in 300 µL PBS. Then the cells

were lysed by pulsing with a Microson XL2000 ultrasonicator at a probe intensity

of 3 for ˜2 minutes. Cell debris was pelleted by centrifugation at 10,000 xg for

10 minutes and the soluble cell lysate was collected. For protein purification, har-

vested cells were lysed by homogenization, and proteins were purified by Ni-NTA

resin (Thermo-Fisher) following the manufacturer’s protocol. All purified proteins

were buffer exchanged into PBS using Zeba desalting columns (Thermo-Fisher)

and quantified by bicinchoninic acid (BSA) assay (MilliporeSigma). Glycosylation

of purified SpyTagMBP-4xDQNAT with FtO-PS was performed by in vitro glyco-

sylation (IVG) as described previously [123].

OMV preparation

JC8031 ΔlpxM (JH8033) cells were freshly transformed with expression plasmids

of interest and single colonies were picked to grow overnight cultures at 37°C in
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5 mL LB supplemented with ampicillin. Following subculturing 1:100 into the

same media, cells were grown at 37°C until the OD600 reached ˜0.5, at which point

protein expression was induced with 0.1 mM IPTG (pVLT33) or 0.2 % L-arabinose

(pBAD24) and cells were grown for an additional 14 hours at 30°C, after which

cells were pelleted via centrifugation at 10,000 x g for 15 min. Supernatants were

filtered through 0.2 µm filters and OMVs were isolated by ultracentrifugation at

141,000 x g for 3 h at 4°C and resuspended in sterile PBS. Total OMV proteins

were quantified by BCA (MilliporeSigma) using bovine serum albumin (BSA) as a

protein standard. OMVs were stored at -20°C. Blank JH8033 OMVs were prepared

the same way but without antibiotic or inducer added to the cultures.

Immunoblot analysis

Protein samples and OMVs were mixed with loading buffer containing β-

mercaptoethanol and boiled for 10 min prior to loading onto Mini-PROTEAN TGX

polyacrylamide gels (Bio-Rad). To determine protein purity, gels were stained

with Coomassie G-250 stain (Bio-Rad) following the manufacturer’s protocol. For

immunoblot analysis, proteins were transferred to nitrocellulose membranes and

blocked with 5% milk followed by probing with antibodies, all of which were used

at 1:5,000 dilution. Expression of heterologous proteins on OMVs was analyzed

by detection of FLAG tags with horseradish peroxidase (HRP)-conjugated mouse

anti-DDDDK clone M2 (Abcam; Cat # ab49763). Proteins were detected with

HRP-conjugated rabbit polyclonal anti-6xHis (Abcam; Cat # ab1187). Glycosylated

SpyTag-MBP-FtO-PS was detected with anti-F. tularensis LPS antibody clone FB11

(Invitrogen; Cat # MA1-21690). For fluorescent blots, goat anti-mouse Dylight 594

(Thermo-Fisher; Cat # 35560) and goat anti-rabbit DyLight 488 (Thermo-Fisher;

Cat # 35552) secondary antibodies were used. Membranes were visualized using
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a ChemiDoc imaging system (Bio-Rad) and non-fluorescent blots were developed

using Clarity ECL substrate (Bio-Rad).

Cohesin/dockerin binding analysis

For analysis of antigen binding capacity with INP-scaf3 OMVs using cell lysates

expressing dockerin fusions, 100 µL OMVs at 2.0 mg/mL were mixed with an

equal volume of cell lysate in PBS pH 7.4 and incubated for 1 h at room temper-

ature. When three cell lysates were incubated with the same OMV sample, 33 µL

of each lysate was added. Purified dockerin fusions were mixed at 0.25 mg/mL

with 1.0 mg/mL OMVs and incubated for the same amount of time. When multi-

ple dockerin fusions were mixed with OMVs, the final concentration of each was

maintained at 0.25 mg/mL. Following incubation, all mixtures were diluted to 30

mL in PBS and ultracentrifuged for 141,000 x g for 3 h at 4°C. After discarding

the supernatant, pellets were resuspended with 100 µL PBS and quantified by a

Purpald assay which detects the core LPS sugar 2-Keto-3-deoxyoctonate (KDO)

[119] so that OMV quantitation was not biased by the amount of protein anti-

gen present. Remaining protein antigen in washed OMVs was analyzed by im-

munoblot using anti-polyhistidine antibody or by fluorescence for GFP fusions.

To quantify the amount of GFP attached, standard curves were separately gener-

ated for GFP and GFP-dockerin fusions, and OMVs were diluted in triplicate in

200 µL PBS at 0.1 mg/mL. Fluorescence intensities were measured in Costar 96-

well black polystyrene plates with absorbance at 488 nm and emission at 510 nm

using a Tecan Infinite M200 plate reader.
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SpyCatcher/SpyTag and SnoopCatcher/SnoopTag binding analysis

Binding studies with Catcher/Tag were performed by mixing 100 µg OMVs at

1.0 mg/mL with purified proteins at 0.25 mg/mL in PBS pH 7.4. Following in-

cubation for 3 h at room temperature, OMVs were either washed like described

for the cohesin/dockering binding studies or stored at -20°C. Washed OMVs were

quantified by BCA. Immunoblot analysis was analyzed with anti-polyhistidine,

anti-DDDK clone M2, or anti-FtO-PS clone FB11 as needed.
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CHAPTER 3

A MODULAR VACCINE PLATFORM ENABLED BY DECORATION OF

BACTERIAL OUTER MEMBRANE VESICLES WITH BIOTINYLATED

ANTIGENS

3.1 Introduction

In Chapter 2, we demonstrated two strategies for ligating proteinaceous antigens

to OMVs. However, in some cases, it would also be beneficial to attach other types

of biomolecules. To develop a more universal strategy for tethering virtually any

biomolecular cargo to the exterior of OMVs, we created AddVax (avidin-based

dock-and-display for vaccine antigen cross (x)-linking) whereby biotinylated anti-

gens are linked to the exterior of ready-made OMVs whose surfaces are remod-

eled with biotin-binding proteins. The method involves producing OMV vectors

that display multiple copies of a synthetic antigen receptor (SNARE) comprised

of an outer membrane scaffold protein fused to a member of the avidin family.

Following their production and isolation, SNARE-OMVs can be readily decorated

with a wide range of biotinylated subunit antigens, including globular and mem-

brane proteins, glycans and glycoconjugates, haptens, lipids, and short peptides.

Importantly, antigen-studded SNARE-OMVs promote strong antigen-specific an-

tibody responses that compare favorably to the responses measured for classically

prepared OMV formulations (i.e., cellular expression of antigen-scaffold fusions).

Overall, our results demonstrate that AddVax is a highly modular and versatile

platform for on-demand vaccine creation that should enable rapid cycles of devel-

opment, testing, and production of new OMV-based vaccines for numerous dis-

eases.
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3.2 Results

3.2.1 A modular framework for self-assembly of antigens on OMV surfaces

As a first step towards developing a universal platform for rapidly assembling

antigens of interest on the surface of OMVs, we constructed SNAREs by transla-

tionally fusing a cell surface scaffold protein to a biotin-binding protein (Figure

3.1). A panel of cell surface scaffold modules were chosen based on their ability to

Avidin-based dock-and-display for
vaccine antigen cross (x)-linking (AddVax)

+

+

hapten nucleic acidcarbohydrateprotein peptidebiotin

biotin-binding domain

scaffold protein
biotinylated

antigen

antigen docking

synthetic antigen
receptor (SNARE)

antigen display
on SNARE-OMVs

lipid

Figure 3.1: A modular platform for rapid self-assembly of OMV-based vaccine can-
didates. Schematic of AddVax technology whereby ready-made OMVs displaying a
synthetic antigen receptor (SNARE-OMVs) are remodeled with biotinylated antigens-of-
interest. Using AddVax, the surface of SNARE-OMVs can be remodeled with virtually any
biomolecule that is amenable to biotinylation including peptides, proteins, carbohydrates,
glycolipids, glycoproteins, haptens, lipids, and nucleic acids.

direct passenger proteins to the E. coli outer membrane. These included cytolysin

ClyA [112], hybrid protein Lpp-OmpA [127], and the autotransporter β-domains

derived from the N-terminus of intimin (Int) [128, 129] and the C-termini of ad-

hesin involved in diffuse adherence (AIDA-I), antigen-43 (Ag43), hemoglobin-

binding protease (Hbp), and immunoglobulin A protease (IgAP) [130]. Initially,

each scaffold was fused in-frame to enhanced monoavidin (eMA) (Figure 3.2a),

38



a derivative of dimeric rhizavidin (RA) that was designed to be monomeric

with highly stable biotin-binding properties [131], and subsequently expressed

from the arabinose-inducible plasmid pBAD24 in hypervesiculating E. coli strain

KPM404 ΔnlpI [80]. This strain is an endotoxin-free BL21(DE3) derivative (sold

as ClearColi® by Lucigen) that we previously engineered to vesiculate through

knockout of the nlpI gene [90]. Using this strain, OMVs were readily produced

that contained full-length SNARE chimeras, with Lpp-OmpA-eMA and Int-eMA

showing the strongest expression albeit with significant amounts of higher and

lower molecular weight species that likely corresponded to aggregation and degra-

dation products, respectively (Figure 3.2b).

To evaluate antigen docking, we initially focused on biotinylated green flu-

orescent protein (biotin-GFP) as the target antigen (Figure 3.3a), which enabled

facile and quantitative prototyping of the different SNARE-OMV designs. When

biotin-GFP was incubated with 100 ng SNARE-OMVs coated on ELISA plates,

all exhibited dose-dependent binding up to 10 nM of biotin-GFP except for the

eMA-AIDA-Iβ and ClyA-eMA receptors, which appeared saturated at low levels

of biotin-GFP (Figure 3.2c). The lack of binding for these two SNAREs was not en-

tirely surprising given that these constructs exhibited very weak expression com-

pared to the other SNAREs (Figure 3.2b). Importantly, there was no detectable

binding of unmodified GFP by any of the SNARE-OMVs, indicating that antigen

capture was entirely dependent upon the presence of the biotin moiety. Next, the

two most effective SNAREs in terms of biotin-GFP binding, namely eMA-IgAPβ

and Lpp-OmpA-eMA, were evaluated over a range of conditions to identify pa-

rameters (e.g., growth temperature, culture density at time of induction, inducer

level, etc.) that affected GFP docking levels (Figure 3.4). Overall, the engineered

Lpp-OmpA-eMA receptor outperformed eMA-IgAPβ in terms of biotin-GFP bind-
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a

Figure 3.2: Expression and antigen-binding activity of engineered SNAREs. (a) Ge-
netic architecture of SNARE constructs tested in this study. Numbers in parentheses de-
note amino acids of the scaffold that were fused to the biotin-binding eMA domain and
used for membrane anchoring. Additional features include: export signal peptide from
PelB (spPelB); c-Myc epitope tag (M); FLAG epitope tag (F), and NdeI, SphI, and NcoI
restriction enzyme sites used for cloning. (b) Immunoblot analysis of OMV fractions iso-
lated from hypervesiculating E. coli strain KPM404 ΔnlpI expressing each of the different
SNAREs from plasmid pBAD24. An equivalent amount of SNARE-OMVs as determined
by total protein assay was loaded in each lane. Blot was probed with anti-FLAG antibody
(α-FLAG) to detect FLAG epitope (DYKDDDDK) located at the N- or C-terminus of each
construct. Expected location of full-length SNARE fusion proteins are denoted by black ar-
rows. Molecular weight (Mw) ladder is indicated at left. (c) Binding of biotin-GFP to each
of the different SNARE-OMVs as indicated. Binding activity was determined by ELISA in
which biotin-binding SNARE-OMVs were immobilized on plates and subjected to vary-
ing amounts of biotin-GFP, after which plates were extensively washed prior to detection
of bound biotin-GFP using anti-polyhistidine antibody to detect C-terminal 6xHis tag on
GFP. Controls were performed by treating the same set of SNARE-OMVs with unmodfied
GFP in place of biotin-GFP. All data were normalized to the maximum signal correpsond-
ing to the eMA-IgAPβ construct in the presence of 10 nM biotin-GFP. Datapoints represent
the average of duplicate measurements and error bars represent the standard deviation of
the mean.

ing capacity (Figure 3.4a); however, expression of this construct from pBAD24 us-

ing standard amounts of L-arabinose (0.2% or 13.3 mM) was detrimental to the
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Figure 3.3: Expression and purification of protein antigens. Coomassie blue-stained SDS-
PAGE gels of: (a) purified GFP and Sx-Cm-MOMP as well as their biotinylated counter-
parts; and (b) purified Pfs25. GFP and Sx-Cm-MOMP were both produced using E. coli
BL21(DE3), which yielded 100 mg/L of GFP and 5 mg/L of Sx-Cm-MOMP. Note that
GFP was purified by nickel only, whereas SIMPLEx-MOMP was purified by Ni-NTA resin
followed by amylose. Pfs25 was produced using a baculovirus expression system involv-
ing SF9 cells and P2 virus, which yielded 25 mg/L of Pfs25 using Ni-NTA resin. (c) Im-
munoblot analysis of CRM197 with four tandemly repeated DQNAT glycosylation motifs
purified from E. coli CLM24 with (left lane) or without (right lane) plasmid DNA encoding
the FtO-PS biosynthetic machinery. Glyconjugate yields were typically 2-3 mg/L. Blots
were probed with anti-polyhistidine antibody (α6xHis; green signal) to detect the CRM197
carrier protein or FB11 (αFtO-PS; red signal) to detect the FtO-PS glycan. Image shows
merge of α6x-His and αFtO-PS signals. High molecular weight laddering for red signal
is characteristic of variable chain length O-PS polymers that are seen in native FtLPS as
well as in glycoconjugates derived from engineered E. coli [126]. Molecular weight (Mw)
markers are shown at the left of each image.

host cells based on the observation that the final culture densities hardly changed,

and in some cases even decreased, from the densities at the time of induction,

which was not the case for eMA-IgAPβ (Figure 3.4b). Given the different biogen-

esis pathways of the IgAP autotransporter versus the Lpp-OmpA β-barrel outer

membrane protein, we suspected that the host cell toxicity associated with Lpp-

OmpA might result from inducer levels that were too strong. In support of this

notion, when Lpp-OmpA-eMA constructs were induced with 50-times less in-

ducer, the post-induction cell growth was markedly improved, with Lpp-OmpA-
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eMA-expressing cells reaching a final density on par with that of cells expressing

eMA-IgAPβ (Figure 3.4c). Importantly, the Lpp-OmpA-eMA SNARE-OMVs iso-
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Figure 3.4: Optimization of biotin-GFP docking on eMA-IgAPβ and Lpp-OmpA-eMA
SNAREs expressed from pBAD24. (a) Binding of biotin-GFP to SNARE-OMVs isolated
from E. coli strain KPM404 ΔnlpI expressing Lpp-OmpA-eMA or eMA-IgAPβ from plas-
mid pBAD24 and induced at low (Abs600 0.6), medium (Abs600 1.2), or high (Abs600 1.8)
culture density. Data in both graphs were normalized to the maximum binding signal cor-
responding to Lpp-OmpA-eMA SNARE-OMVs (high induction case) in the presence of 3.3
nM biotin-GFP. (b) Cell growth for same cultures in (a) where cell density was measured
at time of induction (white bars) and just prior to harvesting SNARE-OMVs (gray bars).
(c) Biotin-GFP binding and cell growth as in (a) and (b) but with 50-fold lower L-arabinose
(L-ara) inducer for cells expressing Lpp-OmpA-eMA. Binding data were normalized to
the maximum binding signal corresponding to the Lpp-OmpA-eMA SNARE-OMVs in the
presence of 3.3 nM biotin-GFP. Binding activity in all panels was determined by ELISA in
which SNARE-OMVs were immobilized on plates and subjected to varying amounts of
biotin-GFP, after which plates were extensively washed prior to detection of bound biotin-
GFP using anti-polyhistidine antibody to detect C-terminal 6xHis tag on GFP. All binding
data are the average of duplicate measurements and error bars represent the standard de-
viation of the mean.

lated from these healthier host cells captured significantly more biotin-GFP com-

pared to eMA-IgAPβ SNARE-OMVs. An even higher level of biotin-GFP bind-
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ing was obtained by moving the Lpp-OmpA-eMA construct into the L-rhamnose-

inducible plasmid pTrham (Figure 3.5), which is known for its tighter expression

control compared to pBAD vectors and can help to overcome the deleterious satu-

ration of membrane and secretory protein biogenesis pathways [132, 133].

To determine the effect of the biotin-binding module on antigen loading and

to further highlight the modularity of AddVax, we constructed a panel of Lpp-

OmpA-based SNAREs comprised of alternative biotin-binding domains including

dimeric RA, tetrameric streptavidin (SA), and monomeric streptavidin with a low-

ered off-rate (mSAS25H) [134]. The SNAREs comprised of RA and mSAS25H both

captured biotin-GFP at a level that was nearly identical to the eMA-based receptor,

while the SA-based receptor showed binding that was barely above background, a

result that appears to be due to the poor expression of this SNARE compared to the

others (Figure 3.6). Given the similarity in antigen capture efficiency for the eMA,

RA, and mSAS25H SNAREs as well as post-induction culture growth, we chose the

more extensively characterized Lpp-OmpA-eMA SNARE (expressed from plas-

mid pTrham with 0.5 mM L-rhamnose inducer) for all further studies.

3.2.2 Antigen loading capacity of SNARE-OMVs

To determine the loading capacity of Lpp-OmpA-eMA SNARE-OMVs, the OMV

fractions were first subjected to extensive washing with ultracentrifugation to re-

cover washed OMVs, and then irreversible aggregates were removed by filtration

through 0.45 µm pores. Next, we quantified bound antigen by mixing Lpp-OmpA-

eMA SNARE-OMVs with biotin-GFP in solution and subsequently measuring the

amount of OMV-bound GFP in an ELISA-style format. This assay was designed to

mirror the process of vaccine self-assembly, whereby ready-made SNARE-OMVs

are mixed with biotinylated antigens in an on-demand fashion. Importantly, the

dose-response profile for pre-binding biotin-GFP on SNARE-OMVs in solution
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Figure 3.5: Optimization of biotin-GFP docking on eMA-IgAPβ and Lpp-OmpA-eMA
SNAREs expressed from pTrham. (a) (left panel) Biotin-GFP binding for SNARE-OMVs
isolated from cells expressing Lpp-OmpA-eMA or eMA-IgAPβ from plasmid pTrham in
the presence of different amounts of L-rhamnose (L-rha) as indicated. (right panel) Cell
growth for a subset of the cells in left panel. (b) Comparison of biotin-GFP binding for
Lpp-OmpA-eMA expressed from pBAD24 versus pTrham with inducer amounts as indi-
cated. Data in (a) and (b) were normalized to the maximum binding signal corresponding
to the Lpp-OmpA-eMA construct in the presence of 0.5 mM L-rha. (c) Coomassie blue-
stained SDS-PAGE gel of blank OMVs or SNARE-OMVs isolated from cells containing
either pTrham construct in the presence of different amounts of L-rhamnose (L-rha) as in-
dicated. Bands corresponding to SNAREs and the outer membrane proteins OmpF and
OmpA are labeled. Binding activity in all panels was determined by ELISA in which
SNARE-OMVs were immobilized on plates and subjected to varying amounts of biotin-
GFP, after which plates were extensively washed prior to detection of bound biotin-GFP
using anti-polyhistidine antibody to detect C-terminal 6xHis tag on GFP. All binding data
are the average of duplicate measurements and error bars represent the standard deviation
of the mean.

was in relative agreement with the dose-response curve generated by capturing

biotin-GFP on the surface of immobilized SNARE-OMVs (Figure 3.7a). The max-
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Figure 3.6: Expression and antigen-binding activity of SNAREs with alternative biotin-
binding modules. (a) Binding of biotin-GFP to each of the different SNARE-OMVs as
indicated. Binding activity was determined by ELISA in which biotin-binding SNARE-
OMVs were immobilized on plates and subjected to varying amounts of biotin-GFP, after
which plates were extensively washed prior to detection of bound biotin-GFP using anti-
polyhistidine antibody to detect C-terminal 6xHis tag on GFP. Controls were performed
by treating the same set of SNARE-OMVs with unmodfied GFP in place of biotin-GFP.
All data were normalized to the maximum signal correpsonding to the Lpp-OmpA-eMA
construct in the presence of 1 nM biotin-GFP. Datapoints represent the average of du-
plicate measurements and error bars represent the standard deviation of the mean. (b)
Cell growth for same cultures in (a) where cell density was measured at time of induc-
tion (white bars) and just prior to harvesting SNARE-OMVs (gray bars). (c) Immunoblot
analysis of OMV fractions isolated from hypervesiculating E. coli strain KPM404 ΔnlpI
expressing each of the different SNAREs from plasmid pTrham. An equivalent amount
of SNARE-OMVs as determined by total protein assay was loaded in each lane. Blot was
probed with anti-FLAG antibody (α-FLAG) to detect FLAG epitope (DYKDDDDK) located
at the C-terminus of each construct. Expected location of full-length SNARE fusion pro-
teins are denoted by black arrows. Molecular weight (Mw) ladder is indicated at left.
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imum amount of biotin-GFP that was captured on the SNARE-OMV surface was

1% by mass when 2 wt % biotin-GFP was input to the mixture, with the addition

of higher amounts of biotin-GFP leading to no significant increase in biotin-GFP

binding (Figure 3.7b). In both assay formats, the combination of SNARE-OMVs

with non-biotinylated GFP or biotin-GFP with blank OMVs lacking a SNARE re-

sulted in little to no detectable binding (Figure 3.7a,b). We also found that the maxi-

mum biotin-GFP loading on SNARE-OMVs was lower but on par with the amount

of GFP that was displayed on the surface of OMVs following cellular expression

of a scaffold-antigen fusion, ClyA-GFP (Figure 3.7c) [112]. Despite this difference,

an advantage of SNARE-OMVs was the ability to vary the antigen loading den-

sity over a wide biotin-GFP concentration range, thereby providing a level of con-

trol that is more difficult to achieve with cellular expression of scaffold-antigen

fusions. When visualized by transmission electron microscopy (TEM), SNARE-

OMVs decorated with biotin-GFP had a size ( 50 nm) and overall appearance that

was indistinguishable from unloaded SNARE-OMVs (Figure 3.7d) and consistent

with previous TEM images of engineered OMVs [45, 48, 112] including those from

the same hypervesiculating host strain used here [90]. These findings indicate that

controllable vesicle loading could be achieved using the AddVax approach with-

out significantly impacting OMV ultrastructure.

3.2.3 Decoration of OMV surfaces with structurally diverse antigens

To demonstrate the universality of the approach, we next investigated decoration

of SNARE-OMVs with a diverse array of biotinylated antigens. Some of these

were chosen because their incorporation into the OMV structure through cellular

expression as a scaffold-antigen fusion protein was predicted to be difficult or im-

possible. For example, Plasmodium falciparum Pfs25 protein (Pfs25), a glycophos-

photidylinositol (GPI)-anchored protein expressed on the surface of zygotes and
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Figure 3.7: Lpp-OmpA-eMA SNARE enables controllable antigen loading on OMVs.
(a) Dose-response curve generated by loading biotin-GFP or unmodified GFP on SNARE-
OMVs isolated from hypervesiculating E. coli strain KPM404 ΔnlpI expressing the Lpp-
OmpA-eMA construct from plasmid pTrham (induced with 0.5 mM L-rhamnose). Blank
OMVs were isolated from plasmid-free KPM404 ΔnlpI cells. Binding activity was deter-
mined by ELISA in which Lpp-OmpA-eMA SNARE-OMVs were immobilized on plates
and subjected to varying amounts of biotin-GFP, after which plates were washed prior to
detection of bound biotin-GFP using anti-polyhistidine antibody. Data were normalized
to the maximum binding signal corresponding to Lpp-OmpA-eMA SNARE-OMVs in the
presence of 3.3 nM biotin-GFP. (b) Same OMVs as in (a) but dose-response was generated
by incubating OMVs with biotin-GFP or unmodified GFP in solution, washing to remove
unbound protein, and determining GFP levels by ELISA-based detection using a standard
curve with known amounts of GFP mixed with blank OMVs or SNARE-OMVs. (c) Com-
parison of GFP levels on Lpp-OmpA-eMA SNARE-OMVs versus ClyA-GFP OMVs. ClyA-
GFP OMVs were isolated from KPM404 ΔnlpI cells containing ClyA-GFP encoded in athe
plasmid pBAD18 and GFP was quantified by fluorescence as described previously [48,
112]. Binding data are the average of triplicate measurements, and all error bars represent
the standard deviation of the mean. (d) Transmission electron micrograph of Lpp-OmpA-
eMA SNARE-OMVs alone or following incubation with unmodified GFP or biotin-GFP as
indicated. The scale bar represents 200 nm.

47



ookinetes, is a promising malaria transmission- blocking vaccine antigen [135].

However, Pfs25 could not be expressed in soluble form in E. coli likely due to its 11

disulfide bonds [136], and thus is incompatible with conventional cellular expres-

sion techniques for OMV engineering. Along similar lines, Chlamydia major outer

membrane protein (MOMP) is a β-barrel integral membrane protein (IMP) that ac-

counts for 60% of the mass of the outer membrane of Chlamydia spp. [137, 138]

and is highly antigenic [139], making it an attractive subunit vaccine candidate

[140]. However, expression of MOMP in the E. coli cytoplasm results in aggrega-

tion and the formation of inclusion bodies [141, 142] while expression in the E.

coli outer membrane results in significant cell toxicity [141, 143, 144]. To incor-

porate these two challenging membrane protein antigens into SNARE-OMVs re-

quired generation of soluble versions of each antigen. For Pfs25, soluble expression

was achieved using a baculovirus-insect cell expression system (Figure 3.3b), while

for MOMP from Chlamydia trachomatis mouse pneumonitis (MoPn) biovar (strain

Nigg II; now called Chlamydia muridarum), soluble expression was achieved using

a protein engineering technology known as SIMPLEx (solubilization of IMPs with

high levels of expression) [145] in which sandwich fusion between an N-terminal

“decoy” protein, namely E. coli maltose-binding protein (MBP), and C-terminal

truncated human apolipoprotein AI (ApoAI*) transformed C. muridarum MOMP

(Cm-MOMP) into a water-soluble protein that was expressed at high levels in the

E. coli cytoplasm (Figure 3.3). Following incubation of SNARE-OMVs with bi-

otinylated versions of insect cell-derived Pfs25 and E. coli-derived SIMPLEx-Cm-

MOMP (Sx-Cm-MOMP), we observed efficient OMV decoration that depended on

both the presence of the chimeric Lpp-OmpA-eMA receptor on OMVs and the bi-

otin moiety on each antigen (Figure 3.8a and b). In the case of Sx-Cm-MOMP, we

observed a low but reproducible signal for both controls (SNARE-OMVs with non-
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biotinylated Sx-Cm-MOMP and blank OMVs with biotinylated Sx-Cm-MOMP)

that may correspond to a small amount of auto-insertion of Sx-Cm-MOMP into

OMVs.
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Figure 3.8: Rapid self-assembly of OMV vaccine candidates decorated with diverse
biomolecular antigens. (a-j) Dose-response curves generated by loading biotinylated
or non-biotinylated antigens on SNARE-OMVs isolated from hypervesiculating KPM404
ΔnlpI cells expressing the Lpp-OmpA-eMA construct from plasmid pTrham (induced with
0.5 mM L-rhamnose). Blank OMVs were isolated from plasmid-free KPM404 ΔnlpI cells.
Binding activity was determined by ELISA in which Lpp-OmpA-eMA SNARE-OMVs
were immobilized on plates and subjected to varying amounts of unbiotinylated or bi-
otinylated antigen, after which plates were extensively washed prior to detection of bound
antigen using the antibodies indicated at top of each panel. Data were normalized to the
maximum binding signal in each experiment. All binding data are the average of duplicate
measurements and error bars represent the standard deviation of the mean.

We next investigated carbohydrate structures such as lipopolysaccharide (LPS)

antigens that represent appealing molecules for vaccine development owing to

their ubiquitous presence on the surface of diverse pathogens and malignant cells.

A challenge faced with most polysaccharides is that they make poor vaccines on

their own because they are unable to interact with the receptors on T cells in ger-

minal centers (GCs) [146]. This can be overcome by covalent attachment of a
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polysaccharide to a carrier protein, which provides T cell epitopes that can induce

polysaccharide-specific IgM-to-IgG class switching, initiate the process of affin-

ity maturation, and establish long-lived memory [147]. Despite the widespread

success of glycoconjugates, there is an unmet need to identify formulations that

elicit stronger primary antibody responses after a single immunization, especially

in primed or pre-exposed adolescents and adults, and achieve prolonged vaccine

efficiency [147]. To this end, we speculated that AddVax would provide a conve-

nient strategy for combining glycoconjugates with the intrinsic adjuvant properties

of OMVs [105–107]. Such an approach would provide a simpler alternative than

attempting to combine OMV biogenesis with cellular expression of glycoconjugate

vaccine candidates in E. coli [148], a feat that has yet to be reported. Thus, we at-

tempted to adorn SNARE-OMVs with biotinylated glycoconjugates by leveraging

an engineered E. coli strain [149] to produce the carrier protein CRM197 that was

glycosylated at its C-terminus with a recombinant mimic of the Francisella tularen-

sis SchuS4 O-antigen polysaccharide (FtO-PS) (Figure 3.3c). Decoration of SNARE-

OMVs with a biotinylated version of this glycoconjugate was readily detected by

ELISA against both the CRM197 carrier and its covalently linked FtO-PS antigen

(Figure 3.8c and d, respectively). We also demonstrated an alternative strategy for

combining OMVs with polysaccharide antigens whereby a biotinylated version of

F. tularensis SchuS4 LPS (FtLPS) was directly bound to the exterior of SNARE-

OMVs (Figure 3.8e). This formulation was motivated by the fact that a protein

providing T cell help only needs to be in close proximity to the polysaccharide

in order to target the same B cell and does not have to be covalently linked to the

polysaccharide to induce class switching and T-cell activation [43, 61, 117]. Indeed,

the co-delivery of non-covalently linked proteins and polysaccharides present on

the exterior of OMVs is sufficient to make a polysaccharide immunogenic [43, 109,
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117].

The final group of antigens that we investigated were small-sized biomolecules

that are known to be weakly immunogenic by themselves and therefore require

carrier molecules to increase chemical stability and adjuvanticity for the induc-

tion of a robust immune response. This group included: (i) B16-M30 peptide, a

CD4+ T-cell neoepitope expressed in the B16F10 melanoma as a consequence of

a mutation in the kif18b gene [150]; (ii) ganglioside GD2 glycan, a pentasaccha-

ride antigen found on human tumors including melanoma, neuroblastoma, os-

teosarcoma, and small-cell lung cancer, that was highly ranked (12 out of 75) in a

National Cancer Institute pilot program that prioritized the most important can-

cer antigens [151]; (iii) Lewis Y (LeY), a tetrasaccharide extension of the H blood

group galactose-glucosamine that has been shown to be overexpressed on tumors

[152]; (iv) 2,4-dinitrophenol (DNP), a model hapten to which the immune system

is unresponsive [153]; and (v) phosphocholine (PC), a major lipid component of

myelin and one of the main antigenic targets of the autoimmune response in mul-

tiple sclerosis, with lipid-reactive antibodies likely contributing to disease patho-

genesis [154]. In each case, we observed clearly detectable antigen binding on the

surface of SNARE-OMVs that was significantly above the background seen with

blank OMVs lacking biotin-binding receptors (Figure 3.8f-j). Collectively, these re-

sults illustrate the potential of the AddVax approach for modular self-assembly of

candidate OMV vaccines decorated with diverse biomolecular cargo.

3.2.4 Immunogenicity of SNARE-OMVs loaded with model GFP antigen

We next sought to assess the immunological potential of SNARE-OMVs displaying

biotin-GFP. Specifically, BALB/c mice were immunized via subcutaneous (s.c.) in-

jection of SNARE-OMVs decorated with biotin-GFP or other control formulations

after which blood was collected at regular intervals. Negative controls included
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blank SNARE-OMVs, SNARE-OMVs that were mixed with non-biotinylated GFP,

and PBS. ClyA-GFP-containing OMVs generated by cellular expression, which

were previously reported to elicit high antibody titers following immunization

in mice [48], served as a positive control. Importantly, SNARE-OMVs displaying

biotin-GFP elicited robust IgG responses to GFP that were significantly higher (p <

0.0001) than the titers measured for control mice immunized with blank SNARE-

OMVs or PBS (Figure 3.9a). It is particularly noteworthy that the total IgG titers

triggered by SNARE-OMVs were indistinguishable from those measured in re-

sponse to ClyA-GFP-containing OMVs, validating the antigen docking strategy as

a potent alternative to cellular expression of scaffold-antigen fusions for boosting

the immunogenicity of foreign subunit antigens, in particular those that are weakly

immunogenic on their own such as GFP [48, 155]. Interestingly, the IgG response

elicited by non-tethered GFP that was mixed with SNARE-OMVs gave a signifi-

cantly lower (p < 0.01) antigen-specific IgG response compared to biotin-GFP that

was docked on OMVs, indicating that the physical coupling of the antigen to the

surface of the OMV is essential for exploiting the full intrinsic adjuvanticity of

OMVs. To determine whether the immune responses were Th1 or Th2 biased

[7], IgG antibody titers were further broken down by analyzing IgG1 and IgG2a

subclasses. Mice immunized with different GFP-containing OMVs showed robust

mean titers of both GFP-specific IgG1 and IgG2a antibodies (Figure 3.9b). For the

groups immunized with ClyA-GFP OMVs, the relative titers of IgG1 and IgG2a

subclasses were comparable, consistent with our earlier work and in line with re-

sponses typically seen with traditional subunit vaccines [102]. In contrast, biotin-

GFP-studded SNARE-OMVs elicited an IgG2a-dominant humoral response, sug-

gesting induction of a Th1-biased immune response consistent with heightened

cellular immunity stimulation.
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Figure 3.9: SNARE-OMVs decorated with biotin-GFP boost GFP-specific IgG titers. (a)
GFP-specific IgG titers in endpoint (day 56) serum of individual mice (gray dots) and
geometric mean titers of each group (horizontal black lines). Five groups of BALB/c
mice, seven mice per group, immunized s.c. with the following: PBS, SNARE-OMVs iso-
lated from KPM404 ΔnlpI cells expressing the Lpp-OmpA-eMA construct, SNARE-OMVs
mixed with non-biotinylated or biotinylated GFP (1 pmol protein/µg OMV), and ClyA-
GFP isolated from KPM404 ΔnlpI cells expressing ClyA-GFP fusion. Mice received prime
injections containing an equivalent amount of OMVs (20 µg total protein) on day 0 and
were boosted on day 21 and 42 with the same doses. (b) Geometric mean IgG subclass
titers measured from endpoint serum with IgG1 titers in dark gray and IgG2a in light gray.
Statistical significance of antibody titers for SNARE-OMVs + biotin-GFP against blank
SNARE-OMVs and SNARE-OMVs + GFP indicates statistically significant difference (p
< 0.0001 and p < 0.01, respectively; unpaired t test with Welch’s correction) between the
groups; ns – not significant.

3.2.5 Immunogenicity of SNARE-OMVs loaded with validated Cm-MOMP
antigen

Encouraged by the immunostimulation observed for SNARE-OMVs remodeled

with the model GFP antigen, we next investigated the humoral immune response

to SNARE-OMVs that were decorated with Cm-MOMP, a validated subunit vac-

cine candidate [140, 142]. Prior to immunization, we first tested the antigenicity
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of our Sx-Cm-MOMP construct (Figure 3.10a) that was engineered as described

above for soluble, high-level expression. Immunoblots of purified Sx-Cm-MOMP

were probed with anti-Cm-MOMP-specific monoclonal antibody (mAb) MoPn-

40, which was generated by inoculation of BALB/c mice with C. muridarum fol-

lowed by isolation of hybridomas producing antibodies against Cm-MOMP [156].

We observed that mAb MoPn-40 specifically recognized the water-soluble Sx-

Cm-MOMP construct but not a SIMPLEx control construct comprised of a dif-

ferent MOMP from C. trachomatis serovar E (Sx-CtE-MOMP) in both denatured

immunoblots and non-denatured dot blots (Figure 3.10b), indicating that water-

soluble Sx-Cm-MOMP retained conformational antigenicity. Next, BALB/c mice

were immunized s.c. with SNARE-OMVs decorated with biotinylated Sx-Cm-

MOMP. When the resulting immune sera was analyzed for reactivity against ei-

ther a recombinant or native preparation of Cm-MOMP (rCm-MOMP and nCm-

MOMP, respectively) [142], we observed strong cross-reaction to both antigens

with total IgG titers that were significantly greater (p < 0.0001) than the titers

elicited by blank SNARE-OMVs and PBS control groups (Figure 3.10c and d). It

is also worth noting that the IgG responses triggered by Sx-Cm-MOMP docked on

SNARE-OMVs were Chlamydia-specific as evidenced by the binding to C. muri-

darum elementary bodies (EBs), which was significantly above the binding mea-

sured for blank SNARE-OMVs and PBS control groups (Figure 3.10e). As expected,

antibody titers to rCm-MOMP and nCm-MOMP were similar while titers to EBs

were lower. It should be pointed out that comparing titers between MOMP and

EBs is not possible because the amount of MOMP present in EBs was not quan-

titated. Nonetheless, these data are significant because they demonstrate that the

immune system of the mouse was able to recognize Cm-MOMP in the context of an

OMV-tethered SIMPLEx construct. Taken together, these results confirm that dock-
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Figure 3.10: SNARE-OMVs decorated with biotinylated Sx-Cm-MOMP elicit pathogen-
specific IgGs. (a) Schematic of SIMPLEx strategy for converting integral membrane pro-
teins into water-soluble proteins that can be expressed in the cytoplasm of host cells. Here,
the β-barrel outer membrane protein Cm-MOMP was fused at its N-terminus with E. coli
maltose-binding protein (MBP) and at its C-terminus with truncated ApoAI (ApoAI*).
Structural analysis indicates that ApoAI* adopts a belt-like conformation around the mem-
brane helices of proteins to which it is fused, effectively shielding these highly hydropho-
bic segments from water [145]. (b) (left blot) Antigenicity of Sx-Cm-MOMP construct eval-
uated by immunoblot analysis using mAb MoPn-40. Native Cm-MOMP (nCm-MOMP)
served as a positive control while Sx-CtE-MOMP served as a negative control. (right
blot) The latter construct was detected with commercial antibody specific for CtE-MOMP,
which did not react with Sx-Cm-MOMP or nMOMP. Expected location of full-length SIM-
PLEx fusion proteins are denoted by black arrows. (c) Total IgG titers against recombi-
nant preparations of Cm-MOMP (rCm-MOMP) in endpoint (day 56) serum of individual
mice (gray dots) and geometric mean titers of each group (horizontal black lines). Three
groups of BALB/c mice, seven mice per group, immunized s.c. with the following: PBS,
SNARE-OMVs isolated from KPM404 ΔnlpI cells expressing the Lpp-OmpA-eMA con-
struct, and SNARE-OMVs mixed with biotinylated Sx-Cm-MOMP. Mice received prime
injections containing an equivalent amount of OMVs (20 µg total protein) on day 0 and
were boosted on day 21 and 42 with the same doses. (d, e) Same as in (c) but with ei-
ther (d) a native preparation of Cm-MOMP (nCm-MOMP) or (e) elementary bodies (EBs)
as immobilized antigens. Statistical significance of antibody titers for SNARE-OMVs +
biotin-Sx-Cm-MOMP against blank SNARE-OMVs and PBS indicates statistically signifi-
cant differences (p < 0.0001 for ELISAs with rCm-MOMP and nCm-MOMP; p < 0.01 for
ELISA with EBs; unpaired t test with Welch’s correction) between the groups.
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and-display of SIMPLEx-solubilized variants of membrane proteins on SNARE-

OMVs is a unique approach for rapidly engineering vaccines based on difficult-to-

obtain membrane-bound protein antigens without compromising antigenicity or

immunogenicity.

3.3 Discussion

In this study, we have developed a universal platform called AddVax for rapidly

assembling antigens of interest on the surface of OMVs. The method involves

site-specific docking of biotinylated antigens to the exterior of ready-made OMVs

displaying multiple copies of highly modular receptors called SNAREs, which are

engineered by fusing an outer membrane scaffold domain to a biotin-binding do-

main. As we showed here, SNARE-OMVs can be readily adorned with virtually

any antigen that is amenable to biotinylation including globular and membrane

proteins, glycans and glycoconjugates, haptens, lipids, and short peptides. The

ability to precisely and homogenously load OMVs with a molecularly diverse ar-

ray of subunit antigens differentiates the AddVax method from previous covalent

conjugation strategies that are largely restricted to protein and peptide antigens

[37, 72, 75]. Moreover, our dock-and-display approach side-steps many of the

challenges associated with display on OMVs using conventional genetic fusion

and cellular expression technology, thereby opening the door to important vac-

cine subunit antigens such as malarial Pfs25 and Chlamydia Cm-MOMP that are

refractory to soluble expression and outer membrane localization in E. coli [136,

141–143]. While the separate preparation of a biotinylated antigen adds an extra

step, it affords an opportunity to generate protein antigens using different expres-

sion systems, which can be chosen based on their ability to promote high yields

and desired conformations including post-translational modifications.
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When injected in wild-type BALB/c mice, SNARE-OMV formulations dis-

playing GFP or a water-soluble variant of Cm-MOMP were capable of trigger-

ing strong antigen-specific humoral responses that depended on the physical link-

age between the antigen and the SNARE-OMV delivery vehicle. Importantly,

the GFP-specific IgG titers elicited by GFP-studded SNARE-OMVs rivaled that of

ClyA-GFP-containing OMVs generated by conventional cellular expression tech-

nology [48]. This ability of SNARE-OMVs to amplify the immunogenicity of GFP,

a weakly immunogenic protein by itself [48, 155], without the need for potentially

reactogenic adjuvants indicates that the inbuilt adjuvanticity of OMVs is preserved

in the context of our dock-and-display strategy. In the case of the validated sub-

unit vaccine candidate, Cm-MOMP [140, 142], we demonstrate the potential of

AddVax to be readily combined with SIMPLEx, a technology for solubilizing inte-

gral membrane proteins [145, 157], leading to an entirely new strategy for formu-

lating difficult-to-obtain antigens without compromising immunogenicity. Future

adaptations of AddVax could also be pursued as needed such as increasing anti-

gen density with tandemly repeated biotin-binding modules or enabling multi-

antigen display with SNAREs comprised of multiple orthogonal protein-ligand

binding pairs. For example, avidin-based attachment could be combined with the

cohesin/dockering and SpyCatcher/SpyTag strategies described in Chapter 2.

The AddVax technology is based on the extraordinarily high affinity of avidin

for the small molecule biotin and was found to be compatible with a range of dif-

ferent biotin-binding modules including eMA, RA, and mSAS25H. Although the

binding affinity of our preferred biotin-binding domain, eMA, toward free biotin

is measurably weaker than tetrameric SA (Kd = 31 x 10-12 M for eMA versus 10--14

M for SA), eMA is reported to have almost multimeric avidin-like binding stability

toward biotin conjugates [131], making it an incredibly useful module for captur-
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ing diverse subunit antigens as we showed here. Moreover, its small, monomeric

design resulted in significantly better expression and OMV localization of the Lpp-

OmpA-eMA SNARE compared to Lpp-OmpA-SA, which in turn resulted in far

superior antigen capture. Another notable trait of eMA is its ability to be stored

at -20°C without visible aggregation or loss of binding function [131], which could

prove useful in the future for long-term vaccine storage. It should be noted that

the versatility of the avidin-biotin technology has been previously leveraged as

a building material in other types of vaccine formulations, enabling the attach-

ment of antigens onto virus-like particles (VLPs) [158–160] and the self-assembly

of macromolecular complexes comprised of vaccine antigens [26, 161]. However,

to our knowledge, our study is the first to repurpose avidin-biotin for antigen self-

assembly and display on OMVs.

Overall, the AddVax platform enables creation of antigen-studded OMVs with

the potential to impact many important facets of vaccine development. For ex-

ample, the simplicity and modularity of vaccine self-assembly using AddVax en-

ables rapid cycles of development and testing, which could be useful for evalu-

ating large numbers and different combinations of pathogen-derived antigens for

their ability to combat the most intractable diseases such as malaria or tuberculosis.

Moreover, the fact that AddVax is based on an identical, easy-to-decorate SNARE-

OMV scaffold that can be readily mass produced could shorten the time from de-

velopment to manufacturing and accelerate regulatory review for each new vac-

cine candidate. The universal scaffold also affords the ability to share production

costs across multiple antigens and diseases, which in combination with the favor-

able manufacturing economics of E. coli-based production, could help to meet the

target of US $0.15 per human vaccine dose set by the Bill and Melinda Gates Foun-

dation. In addition, pre-production of modular OMV scaffolds that can be stably
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stored at -20°C and then only need to be mixed with good manufacturing prac-

tice (GMP)-grade biotinylated antigens could enable rapid responses to pathogen

outbreaks or pandemics. One major remaining obstacle is the fact that OMVs de-

rived from laboratory strains of E. coli have yet to enter the clinic. It should be

noted, however, that OMVs/OMPCs from Neisseria meningitidis serogroup B are

the basis of two licensed vaccines, PedvaxHIB® and Bexsero®, that are approved

for use in humans [109, 110]. Hence, although more testing of SNARE-OMV vac-

cine candidates is clearly required, including broader immunogenicity testing and

pathogen challenge studies, we anticipate that clinical translation may not be far

off.

3.4 Materials and methods

Strains, growth media, and plasmids

All OMVs in this study were isolated from the hypervesiculating E. coli strain

KPM404 ΔnlpI [90], which contains several genetic modifications that render its

LPS less reactogenic. E. coli strain BL21(DE3) (Novagen) was used to express

GFP and rCm-MOMP. The SIMPLEx constructs Sx-Cm-MOMP and Sx-CtE-MOMP

were produced in two different ways, cell-based expression with BL21(DE3) or

cell-free expression using an E. coli-based translation kit (RTS 500 ProteoMaster

E. coli HY kit, Biotechrabbit GmbH) as described previously [162]. Both methods

yield comparable amounts of similar quality products as assessed by SDS-PAGE

and immunoblot analysis. E. coli strain CLM24 was used to produce CRM197 con-

jugated with FtO-PS [149] while strain JC8031 [163] was used to produce recom-

binant FtLPS. Recombinant GFP used for serum antibody titering was expressed

and purified from Saccharomyces cerevisiae strain SEY6210.1 to avoid cross-reaction

of serum antibodies with contaminating host proteins present in protein prepara-
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tions derived from E. coli cultures. The C. muridarum strain Nigg II (ATCC VR-123)

was used to produce nCm-MOMP and EBs utilized in serum antibody titering ex-

periments.

For cloning and strain propagation, E. coli strains were grown on solid Luria-

Bertani LB (10 g/L tryptone, 10 g/L NaCl, and 5 g/L yeast extract) supplemented

with agar (LBA) and yeast strain SEY6210.1 was grown on synthetic defined me-

dia without uracil (SD-URA; MP Biomedicals) supplemented with agar. For OMV

production, hypervesiculating E. coli were grown in terrific broth (TB) (12 g/L

tryptone, 24 g/L yeast extract, 0.4% v/v glycerol, 0.17 M KH2PO4 and 0.72 M

K2HPO4). For production of recombinant antigens using E. coli, cells were grown

in LB media. SEY6210.1 was grown in SD-URA or yeast extract-peptone-dextrose

(YPD) media (20 g/L peptone, 10 g/L yeast extract and 2% w/v glucose). C. muri-

darum cells were grown as described [164, 165].

All plasmids used in this study are described in Appendix Table 7.2. Stan-

dard restriction enzyme-based cloning methods were used and sequences were

confirmed through Sanger sequencing performed by the Cornell Biotechnology

Resource Center (BRC) unless specified otherwise. For expression of SNARE con-

structs in OMVs, eMA fusions to ClyA, Lpp-OmpA, and the membrane-associated

transporter domains of the autotransporters Int, Hbp, Ag43, and IgAP were codon-

optimized for E. coli expression, synthesized, and cloned into plasmid pBAD24

[166] between EcoRI and SphI restriction sites with an NdeI site at the start codon

by GenScript. SNARES involving ClyA, Lpp-OmpA and Int were cloned with

eMA fused to the 3’ end of the scaffold while SNAREs involving Hbp, Ag43 and

IgAP were cloned with eMA fused to the 5’ end of the scaffold (Fig. 1b). For the

latter set of constructs, DNA encoding a Sec-dependent export signal peptide de-

rived from PelB (spPelB), identical to the sequence in pET22b (Novagen), was in-
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troduced at the 5’-end of the eMA-scaffold gene fusions. For all of these constructs,

DNA encoding c-Myc (EQKLISEEDL) and FLAG (DYKDDDDK) epitope tags was

introduced at the 5’ and 3’ ends of eMA as depicted in Fig. 1b. In the case of the

autotransporter AIDA-I, the transporter unit (amino acids 962 through 1286) was

PCR-amplified from pIB264 [167] and ligated into pBAD24 between XhoI and SphI

restriction sites. A “gBlock” (Integrated DNA Technologies, IDT) encoding eMA

with a 5’ FLAG tag (IDT) was ligated between NcoI and XhoI restriction sites, after

which a gBlock encoding spPelB (IDT) was ligated between EcoRI and NcoI.

To construct L-rhamnose inducible plasmids, DNA encoding Lpp-OmpA-eMA

and eMA-IgAP was digested from the respective pBAD24 expression vectors and

ligated into pTrham (Amid Biosciences) between NdeI and SphI sites, yielding

plasmids pTrham-Lpp-OmpA-eMA and pTrham-eMA-IgAP, respectively. To con-

struct SNAREs based on alternative avidin domains, Rhizobium etli RA, Strepto-

myces avidinii SA, and an optimized version of monomeric streptavidin, namely

mSAS25H, with a lowered off-rate [134] were codon-optimized and synthesized

as gBlocks with flanking BbsI and HindIII restriction sites (IDT). The sequences

were then used to replace the eMA sequence in the pTrham-Lpp-OmpA-eMA vec-

tor, resulting in plasmids pTrham-Lpp-OmpA-RA, pTrham-Lpp-OmpA-SA, and

pTrham-Lpp-OmpA-mSA.

For expression of GFP antigen for docking on OMVs, the gene encoding FACS-

optimized GFPmut2 with a C-terminal 6xHis tag was cloned in pET24a(+)-CmR

between SacI and HindIII restriction sites, yielding pET24-GFP. For yeast expres-

sion of GFP used in serum antibody titering, a codon-optimized gene encoding

GFPmut2 was synthesized as a double-stranded DNA fragment or gBlock (IDT)

with a 5’ Kozak sequence and 3’ 6xHis tag and ligated into the yeast-expression

plasmid pCM189 (ATCC) between BamHI and PstI sites, yielding pCM-GFP. For
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expression of the Sx-Cm-MOMP antigen for OMV docking studies, the sequence

encoding codon-optimized Cm-MOMP, which was designed previously [162], was

synthesized as a gBlock (IDT) and ligated into the SIMPLEx plasmid pET21d-

Sx [157] between NdeI and EcoRI restriction sites, yielding pET21-Sx-Cm-MOMP.

A modified strategy was used to generate plasmid pIVEX-Sx-CtE-MOMP encod-

ing the Sx-CtE-MOMP construct. Briefly, codon optimized CtE-MOMP was gen-

erated in-house following a previously described strategy for Cm-MOMP [162].

PCR products corresponding to CtE-MOMP, MBP, and ApoAI* (human ApoAI

with 49 N-terminal amino acids removed) were cloned into pIVEX-2.4d using the

following restriction enzyme strategy: NdeI-MBP-XhoI-MOMP-NsiI-ApoA1-SacI.

The plasmid sequence was confirmed through Sanger sequencing performed by

ElimBiopharm.

Protein purification

For production of GFP and Sx-Cm-MOMP protein antigens, BL21(DE3) cells con-

taining plasmids corresponding to each antigen were grown overnight at 37°C in

5 mL LB supplemented with the appropriate antibiotic and subcultured 1:100 into

the same media. Protein expression was induced with 0.1 mM isopropyl-β-D-1-

thiogalactopyranoside (IPTG) when culture densities reached an absorbance at 600

nm (Abs600) of 1.0 and proceeded for 16 h at 30°C. Cells were then harvested and

lysed by homogenization, and proteins were purified by Ni-NTA resin (Thermo-

Fisher) following the manufacturer’s protocol. For Sx-Cm-MOMP, Ni-NTA resin

elute was immediately diluted with PBS containing 1 mM EDTA (PBS-E) and incu-

bated with amylose resin (New England Biolabs) for 30 min, followed by washing

with 10 resin volumes of PBS-E and elution with 10 mM maltose in PBS-E. All

purified proteins were buffer exchanged into PBS using PD-10 desalting columns
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(Cytiva), filter-sterilized, quantified by Lowry (MilliporeSigma), and stored at 4°C

for up to 2 months or at -80°C for longer term storage. Pfs25 was expressed and

purified from a baculovirus expression system using Spodoptera frugiperda SF9 cells

and P2 virus by Genscript.

To produce CRM197-FtO-PS glycoconjugate, E. coli strain CLM24 was trans-

formed with plasmid pTrc99S-spDsbA-CRM1974xDQNAT encoding the CRM197 car-

rier protein modified at its C-terminus with four tandemly repeated DQNAT gly-

cosylation motifs [126], plasmid pGAB2 encoding the FtO-PS biosynthesis path-

way [149], and plasmid pMAF10-PglB encoding the Campylobacter jejuni oligosac-

charyltransferase PglB for transfer of the FtO-PS [41]. Overnight cultures were

subcultured 1:100 into fresh LB containing appropriate antibiotics. When culture

densities reached Abs600 of 0.8, PglB expression was induced with 0.2% arabi-

nose for 16 h at 30°C, at which point CRM1974xDQNAT expression was induced with

0.1 mM IPTG and cells were grown for an additional 8 h at 30°C. Cells were then

harvested and purified as described above for GFP.

To purify GFP for serum antibody titering, yeast strain SEY6210.1 was trans-

formed with pCM189-GFP-6xHis and grown on SD-URA agar plates at 30°C for

two days. Afterwards, a colony was picked and grown overnight at 30°C in 5 mL

of SD-URA media containing tetracycline, subcultured 1:10 into YPD, and grown

for 20 h at 30°C. Yeast cells were lysed by homogenization and protein was purified

by Ni-NTA resin as above. For Cm-MOMP serum antibody titering, rCm-MOMP

was expressed recombinantly in E. coli while nCm-MOMP was extracted from C.

muridarum strain Nigg II as described previously [142].
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Antigen biotinylation

Purified GFP, Pfs25, Sx-Cm-MOMP, and CRM197-FtO-PS were mixed at 1 mg/mL

(0.25-1 mg total protein) with 1.5x molar excess EZ-Link Sulfo-NHS-LC biotin

(Thermo-Fisher) in PBS and incubated on ice for 2-3 h. Afterwards, the reaction

mix was passed five times over PBS-equilibrated monomeric avidin resin (Thermo-

Fisher). Final flow-through fractions were concentrated and saved for repeat bi-

otinylation reactions as needed. Following 6 washes each with one resin volume

of PBS, biotinylated protein was eluted 6 times each with one resin volume of 2 mM

D-biotin (MilliporeSigma) in PBS. Elutions were pooled and diluted to 6 mL with

PBS and concentrated to <200 µL using 6-mL, 10-kDa cut-off protein concentrators

(Pierce). Dilution and concentration was repeated three more times to remove the

D-biotin. The final concentrated biotinylated proteins were filter-sterilized, quan-

tified by Lowry, and stored at 4°C for up to 2 months.

To biotinylate F. tularensis LPS, we first purified FtLPS as described previ-

ously [43] with the addition of DNase-I (0.5 mg/mL; MilliporeSigma) in the Pro-

teinase K treatment step. To remove sugar monomers and short polysaccha-

ride chains, FtLPS was buffer exchanged into PBS using PD-10 columns and

quantified by the Purpald assay [119]. Biotinylation was performed as de-

scribed previously using 1-cyano-4-dimethylaminopyridinium tetrafluoroborate

(CDAP) as the activation reagent linking EZ-Link-Amine-PEG3-Biotin (Pierce) to

hydroxyl groups on the polysaccharide [26]. A 27- amino acid B16-M30 peptide

with N-terminal biotin and C-terminal polyhistidine (6xHis) motif for antibody-

based detection was synthesized by Biomatik to 85% purity, and a 1 mg/mL

stock was prepared in dimethyl sulfoxide (DMSO). Biotinylated GD2 ganglioside

oligosaccharide and biotinylated LeY oligosaccharide were purchased from Elic-

ityl, biotinylated DNP containing a polyethylene glycol (PEG) linker was pur-
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chased from Nanocs, and 1-oleoyl-2-[12-biotinyl(aminododecanoyl)]-sn-glycero-

3-phosphocholine (18:1-12:0 biotin PC) powder was purchased from Avanti Polar

Lipids. The biotin-GD2, biotin-LeY, and biotin-DNP were dissolved in sterile wa-

ter (1-5 mg/mL) while biotin-PC was suspended in DMSO (1 mg/mL). All stocks

were diluted in PBS for avidin binding studies.

OMV preparation

KPM404 ΔnlpI cells containing pBAD24 or pTrham expression plasmids were

spread from -80°C glycerol stocks onto LBA plates supplemented with 100 µg/ml

carbenicillin and grown overnight at 37°C ( 20 h). On the following day, cells were

suspended from the agar using TB and subcultured to Abs600 of 0.06 in 50-100 mL

TB supplemented with carbenicillin. Cells were grown at 37°C and 220 rpm and in-

duced when Abs600 reached 0.6 to 1.8 with varying concentrations of L-arabinose

(pBAD24) or L-rhamnose (pTrham). Following induction, cells were grown for 16

h at 28°C followed by 6 h at 37°C, after which cells were pelleted via centrifuga-

tion at 10,000 x g for 15 min. Supernatants were filtered through 0.2 µm filters and

stored overnight at 4°C. OMVs were isolated by ultracentrifugation at 141,000 x g

for 3 h at 4°C and resuspended in sterile PBS. For quantitative analysis and immu-

nizations, resuspended OMVs were diluted in sterile PBS and ultracentrifuged a

second time to remove residual media and soluble proteins. Following a second re-

suspension in PBS, large irreversible aggregates were removed by centrifuging for

2 min at 3,000 x g in a microcentrifuge and filtering the supernatant using sterile 4-

mm, 0.45-µm syringe filters (MilliporeSigma). Total OMV proteins were quantified

by Lowry (Peterson’s modification; MilliporeSigma) using bovine serum albumin

(BSA) as protein standard. OMVs were stored for up to 1 month at 4°C for binding

analysis and up to 2 weeks prior to immunizations.
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Immunoblot analysis

Biotinylated and non-biotinylated protein antigens and OMVs were mixed with

loading buffer containing β-mercaptoethanol and boiled for 10 min prior to load-

ing onto Mini-PROTEAN TGX polyacrylamide gels (Bio-Rad). To determine pro-

tein purity, gels were stained with Coomassie G-250 stain (Bio-Rad) following the

manufacturer’s protocol. For immunoblot analysis, proteins were transferred to

polyvinylidene difluoride (PVDF) membranes and blocked with 5% milk followed

by probing with antibodies, which were all used at 1:5,000 dilution. Avidin ex-

pression on OMVs was analyzed with horseradish peroxidase (HRP)-conjugated

anti-c-Myc (Abcam; Cat # ab19312) or HRP-conjugated anti-DDDDK (Abcam; Cat

# ab1162) antibodies that recognized c-Myc and FLAG epitope tags, respectively.

Proteins and peptides bearing C-terminal 6xHis tags were detected with mouse

anti-6xHis antibody clone AD1.1.10 (BioRad; Cat # MCA1396GA) while detection

of glycosylated CRM197-FtO-PS was with anti-F. tularensis LPS antibody clone

FB11 [43]. HRP-conjugated goat anti-mouse (Abcam; Cat # ab6789) was used as

needed. All membranes were developed using Clarity ECL substrate (Bio-Rad)

and visualized using a ChemiDoc imaging system (Bio-Rad).

For probing antigenicity of SIMPLEx constructs, Sx-Cm-MOMP and Sx-CtE-

MOMP were mixed with loading buffer containing DTT and boiled for 10 min

before loading onto 4-12% NuPAGE Bis-Tris gels (Thermo-Fisher). For denaturing

immunoblot analysis, proteins were transferred to PVDF membranes and blocked

with 5% BSA (Sigma) followed by probing with mAb MoPn-40 (1:1,000) [156] or

anti-CtE-MOMP (1:2,000; Novus Biologicals; Cat # NB100-66403) antibodies. For

non-denaturing dot blot analysis, purified Sx-Cm-MOMP and Sx-CtE-MOMP pro-

teins were spotted directly onto nitrocellulose membranes and incubated for 5

min before being blocked with 5% BSA (Sigma) and probing with the same pri-
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mary antibodies. IRDye 800CW-conjugated goat anti-mouse secondary antibodies

(1:10,000; Li-Cor; Cat # 926-32210) were used to detect primary antibody binding

and membranes were visualized using an Odyssey Li-Cor Fc imaging system.

TEM analysis of OMVs

Ultrastructural analysis of OMVs was performed via TEM as previously described

[48] with a few modifications. Briefly, OMVs were diluted to 100 µg/mL and

negatively stained with 1.5% uranyl acetate and deposited on 300-mesh Form-

var carbon-coated copper grids. Imaging was performed using a FEI Tecnai 12

BioTwin transmission electron microscope.

ELISA

For qualitative assessment of antigen binding by SNARE-OMVs, OMV samples

were diluted to 2 µg/mL in PBS, coated on Costar 9018 high-binding 96-well plates

(50 µL per well), and incubated overnight at 4°C. Plates were blocked with 2% BSA

in PBS (100 µL/well) for 3 h at room temperature and subsequently washed two

times with PBST (PBS pH 7.4 with 0.005% Tween-20 and 0.3% BSA). To analyze

relative binding capacities, biotinylated or unbiotinylated antigens were serially

diluted in triplicate by a factor of 3 in PBST, starting from 10 nM, and incubated

for 90 min at room temperature (50 µL/well). Unbound antigen was removed

by washing twice with PBST. Bound antigen was labeled by incubating with pri-

mary antibody for 1 h in PBST followed by two more PBST washes and a 1-h in-

cubation with HRP-conjugated secondary antibody. After three final washes with

PBST, 3,3’-5,5’-tetramethylbenzidine substrate (1-Step Ultra TMB-ELISA; Thermo-

Fisher) was added and the plate was incubated at room temperature for 30 min in

the dark. The reaction was stopped with 2M H2SO4 and absorbance was measured
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via microplate spectrophotometer (Molecular Devices) at Abs450. The absorbance

reading from OMVs incubated with PBST without antigen was subtracted from

the signal in all wells with antigen added. The resulting values were normalized

to the highest average absorbance value among all antigen concentrations, includ-

ing unbiotinylated antigen controls. Primary anti-6xHis and anti-FtLPS antibod-

ies and HRP-conjugated anti-mouse secondary antibody were identical to those

used for immunoblotting above and were used at the same dilutions. The remain-

ing antigens were detected with the following antibodies: GD2 was detected with

mouse anti-ganglioside GD2 antibody (1:1,000; Abcam; Cat # ab68456); LeY was

detected with mouse anti-Lewis Y antibody clone H18A (1:1,000; Absolute Anti-

body; Cat # Ab00493-1.1); DNP was detected with goat anti-DNP (1:5,000; Bethyl

Laboratories; Cat # A150-117A); and PC was detected with anti-phosphorylcholine

antibody clone BH8 (1:250; MilliporeSigma; Cat # MABF2084). HRP-conjugated

donkey anti-goat secondary was used as needed (1:5,000; Abcam; Cat # ab97110).

For quantification of antigen binding capacity on SNARE-OMVs, 50 µg OMVs

were diluted to 0.1 mg/mL in PBS, mixed with unbiotinylated or biotinylated GFP

at concentrations between 0 and 100 pmol/mL (0 to 1 pmol antigen/µg OMV),

and incubated at room temperature for 1 h. Mixtures were then diluted to 30 mL

in PBS and ultracentrifuged for 141,000 x g for 3 h at 4°C. After discarding the

supernatant, the pellet was resuspended with 100 µL PBS, and the washed OMVs

were quantified by Lowry (Peterson’s modification). An ELISA-based method that

could be applied to a variety of molecules was then used to quantify the amount

of antigen remaining. Specifically, washed OMVs were diluted to 2 µg/mL and

coated on high-binding ELISA plates (Costar 9018) in triplicate (50 µL per well).

Known standards were prepared by mixing blank SNARE-OMVs at 2 µg/mL

with 1:2 serial dilutions of unbiotinylated or biotinylated GFP, starting from 1
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pmol GFP/µg OMV, and coating each antigen concentration in triplicate on the

ELISA plates (50 µL per well). Following overnight coating at 4°C, plates were

blocked with 2% BSA in PBS for 3 h (100 µL per well) at room temperature and

subsequently washed two times with PBST. Antibody and substrate incubations

were identical to the qualitative binding ELISA described above. The final Abs450

signals of the OMV mixtures containing known amounts of unbiotinylated or bi-

otinylated antigen were used to generate standard curves from which the amount

of antigen remaining in each unknown washed OMV sample was calculated. The

amount of GFP displayed on positive-control ClyA-GFP OMVs was quantified by

fluorescence as described previously [48].

Mouse immunizations

One day prior to immunization (day -1), different OMV formulations were diluted

to 0.1 mg/mL in sterile PBS pH 7.4. For the formulations involving docked anti-

gens, antigens and OMVs were mixed to a final concentration of 100 pmol/mL

and 0.1 mg/mL, respectively, corresponding to 1 pmol antigen/µg OMV ( 3 wt %

for GFP). All formulations were immediately stored at 4°C. On day 0, 200 µL (20

µg) OMVs were injected subcutaneously into six-week-old BALB/c mice (7 mice

per group). Identical booster injections were administered on days 21 and 42, and

blood was drawn from the mandibular sinus on days -1, 28 and 49. Mice were

euthanized on day 56, which was immediately followed by blood collection via

cardiac puncture and spleen collection. The protocol number for the animal trial

was 2012-0132 and was approved by the Institutional Animal Care and Use Com-

mittee (IACUC) at Cornell University.

69



Serum antibody titers

Sera was isolated from the blood of immunized mice by centrifugation at 5,000

x g for 10 min and stored at -20°C. Antigen-specific antibodies in the sera were

measured using indirect ELISA as described previously [43] with a few modifica-

tions. Briefly, high-binding 96-well plates (Costar 9018) were coated with purified

antigen (5 µg/mL in PBS, pH 7.4) and incubated overnight at 4°C, followed by

overnight blocking with 5% non-fat dry milk (Carnation) in PBS. Serum samples

were serially diluted in triplicate by a factor of two in blocking buffer, starting

from 1:100, and incubated on the antigen-coated plates for 2 h at 37°C. Plates were

washed 3 times with PBST and incubated for 1 h at 37°C in the presence of one of

the following HRP-conjugated antibodies: goat anti-mouse IgG (1:10,000; Abcam

Cat # ab6789); anti-mouse IgG1 (1:10,000; Abcam Cat # ab97240), or anti-mouse

IgG2a (1:10,000; Abcam Cat # ab97245). Following 3 final washes with PBST, 1-

Step Ultra TMB-ELISA (Thermo-Fisher) was added and the plate was incubated

at room temperature for 30 min in the dark. The reaction was stopped with 2M

H2SO4, and absorbance was quantified via microplate spectrophotometer (Molec-

ular Devices) at Abs450. Serum antibody titers were determined by measuring the

highest dilution that resulted in signal three standard deviations above no-serum

background controls.

The Chlamydia-specific antibody titers in sera from mice immunized with Sx-

Cm-MOMP were determined by ELISA as previously described [142]. Briefly,

96-well plates were coated with 2 µg/ml of rCm-MOMP or nCm-MOMP, or 100

µL/well of C. muridarum EBs containing 10 µg/mL of protein in PBS. Next, 100 µL

of serum was added per well in serial dilutions. Following incubation at 37°C for

1 h, the plates were washed, and HRP-conjugated goat anti-mouse IgG (1:10,000;

BD Biosciences Cat # 554002) was added. The plates were incubated and washed,
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and the binding was measured in an ELISA reader (Labsystem Multiscan) using

2,2’-azino-bis-(3-ethylbenzthiazoline-6-sulfonate) as the substrate.

Statistical analysis

Statistical significance between groups was determined by unpaired t-test with

Welch’s correction using GraphPad Prism software (version 9.0.2). Statistical pa-

rameters including the definitions and values of n, p values, and SDs are reported

in the figures and corresponding figure legends.
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CHAPTER 4

RAPID ASSEMBLY OF VACCINES AGAINST SARS-COV-2 AND CANCER

ENABLED BY DECORATION OF BACTERIAL OUTER MEMBRANE

VESICLES WITH CHEMICALLY-SYNTHESIZED PEPTIDE ANTIGENS

4.1 Introduction

A distinct advantage of modular rOMV vaccines is the ability to rapidly generate

formulations for new targets by bypassing the need to engineer new genetic fu-

sions for biosynthetic display, a process that can be painstaking for antigens that

do not express well and may alter OMV composition in undesirable ways. In addi-

tion, modular rOMVs could be stockpiled for emergency use, only requiring man-

ufacture of identified antigens for subsequent attachment and vaccination. Two in-

stances where rapid production of new vaccine formulations is necessary include

patient-specific cancer immunotherapy and in response to novel pathogens, as is

the case with the COVID-19 pandemic. The trajectory of the COVID-19 pandemic

has also revealed how rapidly a virus can evolve to increase infectivity and de-

velop resistance to vaccines, requiring evolution in vaccine design as well.

In this work, we imitate a rapid vaccine production pipeline using the AddVax

platform whereby peptide antigens are chemically-synthesized with a terminal bi-

otin group and attached to SNARE-OMVs. Specifically, we attach a model CD4+

T-cell neoepitope expressed in murine B16F10 melanoma called M30 that was dis-

covered as part of a pipeline developed to screen patient-specific cancer cell mu-

tations for subsequent peptide or mRNA-based vaccination [150, 168]. In addi-

tion, we attach five biotinylated peptide antigens derived from distinct regions of

the SARS-CoV-2 spike protein that we identified based on their potential to elicit

protective neutralizing antibodies. Preliminary immunological analysis following

vaccination in BALB/c mice has revealed that peptide-specific antibody responses
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were generated against the M30 peptide and at least one SARS-CoV-2 peptide, the

latter of which also binds to the full-length spike protein. In future work, we will

analyze cell-mediated immune responses against M30 and neutralization of the

SARS-CoV-2 virus for each of the five spike protein-derived peptide antigens.

4.2 Results

4.2.1 Identification of SARS-CoV-2 peptide antigens that may elicit neutraliz-
ing antibodies

The two mRNA vaccines produced by Pfizer/BioNTech and Moderna that were

first approved in the U.S. in response to the COVID-19 pandemic encode the entire

1273 amino amino sequence of the SARS-CoV-2 spike protein with two stabiliz-

ing mutations to maintain a pre-fusion conformation [169, 170]. When adminis-

tered, the translated mRNA elicits neutralizing antibodies that inhibit binding of

the spike protein to the ACE2 receptor on host cells, preventing viral entry. Encod-

ing the full protein also ensures that a large number of B and T cell epitopes are

displayed, resulting in broad immune responses that provide high protection rates

even as new virus variants like alpha and delta become dominant [171]. How-

ever, the protective efficacy is expected to wane as the virus continues to mu-

tate, and new vaccines encoding the spike protein of variant strains will likely

be needed over time [172]. Moreover, the majority of antibodies elicited by the

mRNA vaccines are non-neutralizing due to a large number of non-protective epi-

topes. The fraction of non-neutralizing antibodies is also significantly higher than

convalescent COVID-19 patients, which may be due to a biased response caused by

pre-existing cross-reactive antibodies against seasonal β-coronaviruses [173, 174].

Consequently, much of the fundamental research on next-generation SARS-CoV-2

vaccine design has focused on sub-domains of the spike protein to generate more
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targeted immune responses. In particular, scientists have focused on the receptor

binding domain (RBD), the core region within the SARS-CoV-2 spike protein that

binds to the ACE2 receptor on host cells, and its sub-domain with all ACE2 contact

residues called the receptor binding motif (RBM) [175]. However, the RBD is also

poorly conserved among virus variants [176], and so RBD-focused vaccines may

not provide continued immunity as the virus evolves.

An alternative strategy to immunizing with the spike protein RBD or RBM is

to focus on conserved linear epitopes. For example, in one study by Li et al. in

which a peptide microarray was used to map patient-derived antibodies, several

immunodomiant linear epitopes were identified. Furthermore, when a selection

of peptide-specific antibodies were isolated, a few were found to have neutraliza-

tion activity [177]. This informed our design of two peptide antigens: S553 (12

amino acids in length) and S1140 (22 aa in length), with S referring to the spike

protein and the number referring to starting position along the full-length amino

acid chain. Analysis by other groups of the same two peptide sequences (with

small differences in length and starting position) also found that peptide-specific

antibodies were neutralizing [178, 179]. However, it should be noted that in a

follow-up study by Li et al., S555 (10 aa in length and referred to as S1-93) along

with several peptides of the same length did not elicit significant neutralizing an-

tibodies above controls when administered to mice as part of a Keyhole limpet

haemocyanin (KLH) conjugate [180]. In contrast, a study in which a diversity of

peptides derived from the S protein were synthesized, attached to VLPs using the

SpyCatcher/SpyTag platform and administered to mice, several of the peptides

elicited neutralizing antibodies against multiple spike protein variants [181]. The

latter informed our design of two additional peptide antigens: S92 (20 aa) and S438

(37 aa). S438 is the only peptide we chose that is within the RBD and it is longer
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than the others with the goal of maintaining some of the structural (i.e., non-linear)

B cell epitopes that predominate in the region as part of the full-length protein

[180]. Compared to the other peptides, S438 is also less conserved, with mutations

within the alpha and delta variants [176], but we included it as benchmark for

which to compare the efficacy of the peptide antigens outside of the RBD. Further-

more, the larger sized peptide may elicit more cross-reactive antibodies. Our fifth

and final peptide antigen, S811 (20 aa) was chosen because it is well-conserved

among β-coronaviruses, is immunodominant in many convalescent patients, and

immunization with a nearly identical peptide elicited neutralizing antibodies [178,

182]. The locations of all five peptides within the trimeric spike protein are shown

in Figure 4.1

4.2.2 Binding analysis of biotinylated peptide antigens

All antigens were synthesized with an N-terminal biotin group followed by 2-5 re-

peats of the peptide sequence (depending on its length) and a C-terminal 6xHis tag

for detection. Full sequences are listed in Table 4.1. SNARE-OMVs were prepared

Table 4.1: Biotinylated peptide antigen sequences. All peptides were synthesized
by Biomatik to >75% purity as determined by HPLC.

Name Full sequence

4xS92 Biotin-(FASTEKSNIIRGWIF)4(H)6

2xS438 Biotin-(SNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQ)2(H)6

5xS553 Biotin-(TESNKKFLPFQQ)5(H)6

3xS811 Biotin-(KPSKRSFIEDLLFNKVTLAD)3(H)6

3xS1140 Biotin-(PLQPELDSFKEELDKYFKNHTS)3(H)6

3xM30 Biotin-(PSKPSFQEFVDWENVSPELNSTDQPFL)3(H)6

with the pTrham-LppOmpA-eMA construct as described in Chapter 3 with the ad-

dition of a second 0.5 mM L-rhamnose induction step 6 hours before cell harvest,
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S92
N-terminal domain

S438
RBM (within RBD)RBM

S553
S1 C-terminal domain

S811
fusion peptide
Next to S2’ cleavage site

S1140
S2 stem region

Figure 4.1: Peptide antigens within trimeric SARS-CoV-2 spike protein. The structure
of SARS-CoV-2 spike protein with peptide antigens highlighted in color and the recep-
tor binding module (RBM), which is the core binding pocket within the receptor bind-
ing domain (RBD), highlighted in white. The spike protein structure is based on PDB
ID 6VXX [169]. To approximate the regions of the sequence with undetermined struc-
ture, Rosetta comparative modeling [183] was performed with the Baker lab online tool
(https://robetta.bakerlab.org/) using PDB ID 6VXX as the template structure and the
spike protein sequence from SARS-CoV-2 isolate Wuhan-Hu-1 as the input sequence. The
image was generated using PyMOL software.

resulting in a modest improvement in the SNARE-OMV binding capacity. Qualita-

tive binding analysis was performed using the ELISA format described in Chapter

3 whereby SNARE-OMVs or control blank OMVs are coated on plates and the rela-

tive binding signal is measured for a range of starting antigen concentrations. The

B16F10 melanoma antigen (3xM30) and all five SARS-CoV-2 spike protein-derived

antigens had greater binding to SNARE-OMVs compared to blank OMVs, suggest-

ing specific binding that was dependent on the biotin-avidin interaction. However,

the binding levels varied significantly between each peptide. For example, 4xS92
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had weak binding that was barely detectable above background and 2xS438 bound

strongly to both blank and SNARE-OMVs, which may be indicative of aggregation

or hydrophobic interactions. The remaining peptides had much greater binding to

SNARE-OMVs compared to blank OMVs, with 3xS1140 and 3xM30 performing

the best (Figure 4.2a). Interestingly, the binding specificity of each biotinylated

peptide to SNARE-OMVs compared to blank OMVs correlated well with the pre-

dicted peptide solubility as determined by the Protein-sol algorithm (excluding

the N-terminal biotin) that incorporates 35 sequence-based properties [184]. When

comparing the Abs450 signal difference between SNARE-OMVs and blank OMVs

at 3.3 nM of each peptide, we found that peptides with a predicted solubility >

˜0.7 had reliably good specific binding (Figure 4.2b). This information could be

used to inform future peptide antigen designs for the AddVax platform.

4.2.3 Immunogenicity of SNARE-OMVs loaded with biotinylated peptide
antigens

To comprehensively evaluate the immunogenicity of SNARE-OMVs loaded with

biotinylated peptide antigens, additional formulations using more established ap-

proaches of peptide display on OMVs were included in our BALB/c mouse im-

munization. Specifically, Lpp-OmpA fusions of all six peptides with a C-terminal

FLAG detection tag were encoded in plasmid pTrham (Chapter 3) for recom-

binant antigen expression using the same number of repeat sequences as the

chemically-synthesized peptides (Table 4.1). The OMVs were prepared like for

SNARE-OMVs using two 0.5 mM L-rha induction steps, and immunoblot anal-

ysis with an anti-FLAG antibody revealed that all peptides were expressed on

OMVs to varying levels (Figure 4.3a). Interestingly, the Lpp-OmpA-4xS92 fu-

sion appeared to have the worst expression, aligning with the poor binding of

biotinylated 4xS92 peptide to SNARE-OMVs, features that may be due to insta-
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Figure 4.2: Decoration of OMV surfaces with peptide antigens. (a) Dose-response
curves generated by loading biotinylated peptide antigens on SNARE-OMVs isolated
from hypervesiculating KPM404 ΔnlpI cells expressing Lpp-OmpA-eMA from plasmid
pTrham (induced with 0.5 mM L-rhamnose). Blank OMVs were isolated from plasmid-free
KPM404 ΔnlpI cells. Binding activity was determined by ELISA in which Lpp-OmpA-
eMA SNARE-OMVs were immobilized on plates and subjected to varying amounts of
antigen, after which plates were extensively washed prior to detection of bound antigen
using the anti-polyhistidine antibody. Data were normalized to the maximum binding sig-
nal between all peptides corresponding to Lpp-OmpA-eMA SNARE-OMVs in the pres-
ence of 1.1 nM biotin-3xM30. All binding data are the average of duplicate measurements
and error bars represent the standard deviation of the mean. (b) Correlations between the
predicted solubility of each peptide using the Protein-sol web tool [184] and the normal-
ized binding signal difference between SNARE and blank OMVs at 3.3 nM biotinylated
peptide from the dose-response curves in (a).

bility as indicated by its poor predicted solubility (Figure 4.2a and b). We in-

cluded three of the six recombinant OMVs formulations in our immunization:

3xM30, 3xS811 and 5xS553. In addition, we chemically conjugated two biotiny-

lated peptides (3xM30 and 3xS811) to blank OMVs using an approach similar to

what has been done previously with OMPC conjugates [bibid]. Specifically, we
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used 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) as a crosslinker be-

tween the C-terminal hydroxyl group on the peptide and amine groups among the

many proteins on the OMV. Both peptides were successfully crosslinked to OMVs

as indicated by a high molecular weight band smear in a Western blot following

the conjugation reaction using HRP-tagged streptavidin to detect each peptide’s

N-terminal biotin group (Figure 4.3b). Both peptide-EDC-OMV conjugates were

included in our immunization.
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Figure 4.3: Control formulations with peptides displayed on OMVs by cellular expres-
sion or chemical conjugation. (a) Immunoblot analysis of OMV fractions isolated from
hypervesiculating E. coli strain KPM404 ΔnlpI expressing Lpp-OmpA fusions with each
of the peptide antigens or eMA (SNARE) from plasmid pTrham. Blot was probed with
anti-FLAG antibody (α-FLAG) to detect FLAG epitope (DYKDDDDK) located at the C-
terminus of each construct. Expected location of each full-length fusion corresponds to the
band visible between 25 and 37 kDa on the molecular weight (Mw) ladder indicated at the
left. (b) Immunoblot analysis of blank OMVs isolated from hypervesiculating E. coli strain
KPM404 ΔnlpI or blank OMVs following chemical conjugation of indicated peptides us-
ing EDC crosslinker and washing to removing unbound peptide. Blot was probed with
streptidin-HRP to detect the N-terminal biotin attached to each peptide. For all blots, an
equivalent amount of OMVs as determined by total protein assay was loaded in each lane.

Mice were immunized s.c. with 20 µg of OMV (8 mice per group) with the ad-

dition of 1 µg biotinylated peptide antigens in all AddVax SNARE-OMV groups.

Two identical booster administrations occurred on weeks 3 and 6, and the end-

point sera and spleens were collected on week 8. Sera from jaw bleeds were col-
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lected on weeks 4 and 7 to monitor immune responses during the trial (Figure

4.4a). At this time, only preliminary analysis of week 4 and 7 sera has been com-

pleted. On week 4, cage-pooled serum (four mice per cage; two cages per group)

was analyzed for IgG antibody responses against 3xM30. IgG responses were also

analyzed against one of the SARS-CoV-2 peptide antigens (3xS811) for the same

groups to account for any immune responses against biotin or 6xHis common

among all peptides tested. The Lpp-OmpA-3xM30 fusion OMVs elicited strong

3xM30-specific IgG titers near 106. In contrast, the SNARE-OMVs + biotinylated

3xM30 group elicited titers that were lower (˜104) but still higher than titers from

the SNARE-OMV only control group or against 3xS811. Interestingly, there was

no significant response against the 3xM30-EDC-OMV conjugate, which may have

been due to poor conjugation efficiency or characteristics of the conjugation that

inhibit the peptide-specific immune response (Figure 4.4b). To analyze immune re-

sponses against the SARS-CoV-2 spike protein, we generated pseudotyped vesicu-

lar stomatitis virus displaying full-length SARS-CoV-2 spike protein in place of its

native envelope glycoprotein (VSVΔG-spike) [185]. For our preliminary analysis

of week 7 serum, we coated ELISA plates with VSVΔG-spike and incubated sera at

1:400 dilution, and, following probing with secondary antibody, we measured the

resulting Abs450 signal reflecting the amount of specific antibody is present. Com-

pared to PBS, SNARE-OMVs elicited a strong IgG response, much of which likely

does not bind to the spike protein but cross-reacts with other components in the

VSVΔG formulation. Nonetheless, the average Abs450 from all groups containing

SARS-CoV-2 antigens were above controls. Furthermore, the response to SNARE-

OMVs + biotinylated 5xS553 was less variable than other groups and significantly

above control groups, indicating a strong spike protein-specific antibody response.

Surprisingly, the response was also more consistent and higher on average than the
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recombinant OMV Lpp-OmpA-5xS553 group (Figure 4.4c).
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Figure 4.4: Preliminary antibody titers against peptide antigens. (a) BALB/c mouse im-
munization schedule indicating identical injections on weeks 0, 3 and 6, and bloods draws
on weeks 0, 4 and 7. Eight mice in each group were immunized s.c. with 20 µg OMV
(excluding the PBS control) and 1 µg of biotinylated peptide in the SNARE-OMV groups
(excluding the SNARE-OMV only control). Termination occured on 11/24/2021 and was
followed by cardiac punctures and spleen collection. (b) Geometric mean 3xM30-specific
IgG titers (horizontal black lines) in week 4 serum pooled among the 4 mice in each cage
(2 cages per 8-mouse group). Titers against 3xS811 are also indicated to account for poten-
tial antibodies against biotin or the C-terminal 6xHis tag. (c) Mean IgG responses against
recombinant VSV pseudovirus particles displaying full-length spike protein [bibid] indi-
cated by the ELISA signal at 450 nm absorbance using serum diluted 1:400. The Mean
Abs450 is indicated by a black bar and the horizontal dotted line corresponds to the mean
of the negative control group containing SNARE-OMVs mixed with 3xM30. LpO = Lpp-
OmpA.
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4.2.4 Ongoing work

Endpoint serum and spleens were collected on 11/24/2021 and analysis is ongo-

ing. In addition to titering IgG responses against the peptides and against VSVΔG-

spike, additional functional assays will be completed. For 3xM30, ELISpot and

cytokine staining will be used to obtain information about the peptide-specific

cell-mediated immune response. In addition, for the SARS-CoV-2 spike protein

groups, pseudotyped VSVΔG-spike encoding firefly luciferase gene will be used

to analyze viral neutralization with a luminescence read-out. If neutralization of

VSVΔG-spike yields promising results, we will then perform plaque reduction as-

says using SARS-CoV-2 virus starting with Wuhan-Hu-1 and following up with

the delta variant.

4.3 Discussion

As the work in this chapter is ongoing, no firm conclusions can be reached.

Nonetheless, the results that have so far been obtained suggest that the AddVax

platform is robust at eliciting immune responses against peptide antigens. More-

over, if neutralization of SARS-CoV-2 is found to be weak, it may have less to do

with the platform and more to do with the antigen designs. Although several

studies have demonstrated neutralization of SARS-CoV-2 following immuniza-

tion with linear epitopes or after isolating peptide specific antibodies from patients

[177–179, 181], the neutralization activity tends to be weak compared to antibodies

targeting structural epitopes on the RBD [bibid]. Consequently, future work ap-

plying the AddVax platform to SARS-CoV-2 vaccines could focus on attaching the

full RBD from different variants to generate more potent neutralizing antibodies.
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4.4 Materials and methods

Strains, growth media, and plasmids

All OMVs in this study were isolated from the hypervesiculating E. coli strain

KPM404 ΔnlpI [90], which contains several genetic modifications that render its

LPS less reactogenic. Media and growth conditions are identical to Chapter 3 un-

less otherwise described. The plasmid used to generate AddVax SNARE-OMVs,

pTrham-Lpp-OmpA-eMA, is identical to what is described in Chapter 3.

To generate the Lpp-OmpA-peptide fusions, peptides were codon optimized

for E. coli expression use the Integrated DNA Technologies (IDT) codon optimiza-

tion tool, and synthesized as gBlocks with the 2-5 peptide sequence repeats, as

indicated in Table 4.1. The gBlocks were used to replace the eMA sequence from

pTrham-Lpp-OmpA-eMA between BbsI and SphI restriction sites, maintaining the

c-myc and FLAG detection tags.

OMV preparation

Lpp-OmpA-eMA SNARE-OMVs were prepared as described in Chapter 3 with an

extra induction step. Briefly, KPM404 ΔnlpI cells containing pTrham-Lpp-OmpA-

eMA were spread from -80°C glycerol stocks onto LBA plates supplemented with

100 µg/ml carbenicillin and grown overnight at 37°C ( 20 h). On the following

day, cells were suspended from the agar using TB and subcultured to Abs600 of

0.06 in 100 mL TB supplemented with carbenicillin. Cells were grown at 37°C and

220 rpm and induced when Abs600 reached 1.8 with 0.5 mM L-rhamnose. Fol-

lowing induction, cells were grown for 16 h at 28°C, induced again with 0.5 mM

L-rha, and grown for 6 h at 37°C, after which cells were pelleted via centrifuga-

tion at 10,000 x g for 15 min. Supernatants were filtered through 0.2 µm filters

and stored overnight at 4°C. OMVs were isolated by ultracentrifugation at 141,000
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x g for 3 h at 4°C and resuspended sterile PBS, after which the suspension was

diluted and ultracentrifuged a second time to remove residual media and soluble

proteins. Following a final resuspension in sterile PBS, large irreversible aggre-

gates were removed by centrifuging for 2 min at 3,000 x g in a microcentrifuge

and filtering the supernatant using sterile 4-mm, 0.45-µm syringe filters (Millipore-

Sigma). Total OMV proteins were quantified by Lowry (Peterson’s modification;

MilliporeSigma) using bovine serum albumin (BSA) as protein standard. OMVs

were stored for up to 1 month at 4°C for binding analysis and up to 2 weeks prior

to immunizations. Blank OMVs were prepared like SNARE-OMVs but without

antibiotic or inducer added.

Antigen preparation

All peptides were synthesized by Biomatik to > 75% purity with an N-terminal

biotin and C-terminal 6xHis tag for antibody-based detection. Full sequences are

listed in Table 4.1. All peptides were dissolved in dimethyl sulfoxide (DMSO) to a

2 mg/mL stock concentration except for 5xS553 which was dissolved at 2 mg/mL

in PBS pH 7.4. Stock aliquots were stored at -20C, and peptides were diluted in

PBS pH 7.4 for binding assays or to prepare vaccine formulations.

ELISA

Qualitative assessment of antigen binding by SNARE-OMVs was identical to what

is described in Chapter 3

Immunoblot analysis

Immunoblot analysis was identical to what is described in Chapter 3.
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Chemical conjugation

For chemical conjugation, the two-step coupling protocol using EDC and Sulfo-

NHS as described by Thermo-Fisher was used with a few modifications. Briefly,

peptides were reacted at 0.75 mg/mL (based on measured purity, not dry weight)

in activation buffer (0.1 MES, 500 mM NaCl, pH 6.0 ) containing 2 mM EDC and 5

mM Sulfo-NHS for 30 minutes at room temperature. Then the peptides were im-

mediately buffer exchanged into coupling buffer (PBS containing 100 mM sodium

phosphate, 150 mM NaCl, pH 7.2) using 0.5 mL Zeba desalting columns (7 kDa

cut-off; Thermo-Fisher). Blank OMVs and peptides were mixed in coupling buffer

at 0.5 mg/mL and 0.2 mg/mL, respectively, and incubated for 4 hours at room

temperature. The reaction was stopped with 5 mM hydroxylamine hydrochloride

(Sigma). To remove unconjugated peptide and exchange the buffer, reaction mix-

tures were diluted to 30 mL with PBS pH 7.4 and ultracentrifuged at 141,000 x g

for 3 h at 4°C. To remove large irreversible aggregates, washed OMVs were spun

for 2 min at 3,000 x g in a microcentrifuge and supernatants were pushed through

sterile 4-mm, 0.45-µm syringe filters (MilliporeSigma). Peptide-EDC-OMV conju-

gates were quantified by Lowry (Peterson’s modification; MilliporeSigma) using

bovine serum albumin (BSA) as protein standard and stored for up to 1 month at

4°C.

Mouse immunizations

Mouse immunizations were performed as described in Chapter 3 with a few mod-

ifications. Briefly, one day prior to immunization (day -1), rOMV formulations

were diluted to 0.2 mg/mL in sterile PBS pH 7.4. For the formulations involving

biotinylated peptides mixed with SNARE-OMVs, peptides and OMVs were mixed

to a final concentration of 10 µg/mL and 0.2 mg/mL, respectively, corresponding
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to 0.05 µg antigen/µg OMV. All formulations were immediately stored at 4°C. On

day 0, 100 µL of each formulation was injected subcutaneously into six-week-old

BALB/c mice (8 mice per group). Identical booster injections were administered

on days 21 and 42, and blood was drawn from the mandibular sinus on days -1,

28 and 49. Mice were euthanized on day 56, which was immediately followed by

blood collection via cardiac puncture and spleen collection. The protocol number

for the animal trial was 2012-0132 and was approved by the Institutional Animal

Care and Use Committee (IACUC) at Cornell University.

Serum antibody titers

Sera was isolated and serum ELISAs were performed as described in Chapter 3

to determine peptide-specific antibody titers. Preliminary analysis of antibod-

ies elicited against the SARS-CoV-2 spike protein was performed by immobiliz-

ing VSVΔG-spike pseudovirus encoding full-length spike protein from isolate

Wuhan-Hu-1 on ELISA plates (250 ng/well; Costar 9018) and incubating serum

at 1:400 dilution. Plate washing and probing was identical to the peptide ELISAs.
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CHAPTER 5

A MODULAR PLATFORM FOR TARGETED DRUG DELIVERY ENABLED

BY THE DECORATION OF BACTERIAL OUTER MEMBRANE VESICLES

WITH FULL-LENGTH ANTIBODIES

5.1 Introduction

Although the majority of research on engineered outer membrane vesicles has fo-

cused on recombinant antigen display for vaccination, the potential of rOMVs has

been demonstrated for several other applications including enzyme storage [186],

enzymatic synthesis [76], in vivo imaging [187] and drug delivery [125]. However,

for therapeutic applications, a challenge with using OMVs beyond immunoengi-

neering is that their immunogenicity and in vivo localization (e.g., their tendency to

accumulate in the liver and spleen [188]) may result in poor efficacy and unwanted

side effects. Consequently, the applicability of OMVs as a delivery vehicle of ther-

apeutic molecules, especially those that require frequent doses and rely on passive

interaction with the immune system, is low without significant advancements in

rOMV immune modulation. A more realistic application of rOMVs beyond vac-

cination or antibody production would instead be one where a strong immune

response is not detrimental, and may even be beneficial, to a drug’s efficacy and

the health outcomes of a patient.

Cancer therapy is one such application that fits these criteria. Without treat-

ment, metastatic cancer is reliably lethal, and doctors often prescribe radiation or

heavily cytotoxic drugs in an attempt to eliminate cancerous cells even though

the side effects can be severe [189]. Thus, there has been extensive research on

targeted approaches with reduced toxicity. For example, the monoclonal anti-

body trastuzumab, which binds to HER2 overexpressed in some breast cancers,

has had clinical success, in addition to the more recent antibody drug conjugate
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(ADC) trastuzumab emantansine that enhances cell killing [190, 191]. A challenge

with ADCs, however, is that an important balance needs to be achieved whereby

enough drug needs to be attached to destroy cancer cells but not too much such

that antibody binding is nullified. An alternative approach is to attach targeting

molecules to synthetic or cell-derived liposomes incorporating chemotherapeutic

drugs, which can substantially increase the amount of drug delivered while main-

taining minimal toxicity towards non-cancerous cells [192, 193].

Immunotherapeutic approaches have also been explored, with the first ma-

jor clinical success being the development of checkpoint blockade antibodies that

block immune-inhibiting domains like CTLA-4 and PD-1 on T cells or PD-L1 (a

PD-1 ligand) over-expressed in some cancers as a means of immune evasion [194].

Additional strategies being developed or in clinical use include chimeric antigen

receptor T cells (CAR T) engineered to recognize and destroy cells expressing

a specific surface receptor [195], personalized cancer vaccines containing cancer

cell-specific neoantigens [196–198], targeting of tumor associated antigens (TAAs)

to dendritic cells to modulate T cell activation [199–201], and engineered tumor-

associating bacteria that modulate the immunogenicity of the tumor microenvi-

ronment [202]. More recently, combinations of immunotherapy and chemother-

apy have been explored, including a study in which a biomaterial was created

that recruits dendritic cells to the tumor microenvironment while simultaneously

delivering cytotoxic drugs to cancerous cells as a means of eliminating poorly im-

munogenic tumors [203, 204].

Several studies have now demonstrated that OMVs can also be utilized in can-

cer therapy. For example, Gujrati et al. demonstrated killing of HER2+ malignant

cells in mice using OMVs simultaneously displaying a HER2 binding domain and

incorporating cytotoxic siRNA in their lumen [187]. Furthermore, beneficial anti-
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tumor immune responses have been observed after systemic administration of un-

modified OMVs, likely due to the formation of an immunostimulatory tumor mi-

croenvironment [205]. For many cancers, however, delivery of unmodified OMVs

is insufficient, and a few research groups have shown improved cancer-specific

immune responses when OMVs displaying TAAs are administered instead [75,

116]. Here, we sought to expand the repertoire of OMV-based cancer therapeutic

applications including chemotherapeutic delivery, immune-modulation, or a com-

bination of the two. Specifically, we engineer modular OMVs displaying general

antibody binding domains (AbDock-OMVs) that can be used to attach a variety

of immune cell or cancer cell-targeting antibodies. In addition, we demonstrate

the incorporation of small-molecule chemotherapeutic drugs into AbDock-OMVs

for targeted cell delivery. The modular design described here facilitates high-

throughput in vitro analysis of various combinations of antibodies and drugs in

the development of OMV-based chemo-immunotherapeutics.

5.2 Results

5.2.1 Display of functional antibody-binding domains on OMVs

The fragment crystallized (Fc) domain in the tail region of antibodies are subtype-

specific structures that interact with Fc receptors on cells as part of an immune

response. Some bacteria also produce Fc-binding proteins, including Protein A

from Staphylococcus aureus and Protein G from several Streptococcus species, as a

means of modulating immune recognition in ways that aid survival or increase

virulence [206, 207]. Such proteins are now widely used in biotechnology, partic-

ularly in antibody purification. Furthermore, scientists have identified minimal

Fc-binding domains within each protein, such as the ˜6 kDa domains Z and C2

from Protein A and G, respectively. Importantly, Z and C2 retain much the same
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binding specificity as their respective full-length proteins [208, 209].

Here, we aimed to display the Z and C2 domains on OMVs to be used for the

attachment of full-length antibodies. Although functional Z domains have pre-

viously been displayed on OMVs via fusion to the C-terminus of INP-scaf3 de-

scribed Chapter 2 and in previous work [76, 210], we sought to create a minimal

fusion for high level expression of only the antibody binding domain. Specifi-

cally, we fused the Z or C2 domains to the N-terminus of AIDA-Iβ with a glycine-

serine linker (specifically, GGGGSGGGGS) and PelB signal peptide for transport

to the periplasm, and we expressed each fusion in JH8033 from a pBAD24 plas-

mid backbone using 0.2% L-arabinose induction. Following purification of OMVs,

we found that both domains expressed to similar levels (Figure 5.1a). Next, we

analyzed binding function using an ELISA format in which OMVs were immobi-

lized on plates, full-length antibodies were incubated at different dilutions, and the

amount of antibody remaining was probed following extensive washing. Specifi-

cally, we analyzed binding of the OMVs to goat polyclonal antibody (pAb), mouse

IgG2a, and rabbit pAb. Both OMV-displayed domains bound to the antibodies

with relative affinities that aligned well with full-length Protein A and Protein G,

with the exception of C2-gs-AIDA-Iβ which had low relative binding to mouse

IgG2a (Figure 5.1b).

5.2.2 Attachment of dendritic cell-targeting antibodies to AbDock OMVs for
immune modulation

Next, we aimed to attach therapeutically relevant antibodies that may improve

immune responses against cancer antigens, focusing on the DEC-205 mannose re-

ceptor that is displayed on dendritic cells in both humans and mice [211]. Fusing

antigens to DEC-205-targeting antibodies or antibody fragments has been shown

to increase activation of antigen-specific CD4+ and CD8+ T cells, and can enhance
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Figure 5.1: OMVs displaying Fc binding domains Z or C2 bind to full-length antibod-
ies (a) Western blot showing expression of Z and C2 domains on JH8033 OMVs. The
AIDAβ control contains only a FLAG tag in the passenger domain. (b) Binding ELISAs in
which JH8033 OMVs displaying AIDAβ fusions were coated on plates and serial dilutions
of commercial HRP-tagged full-length antibodies were incubated, after which plates were
extensively washed and probed for the amount of antibody remaining. Below each plot is
the relative affinity expected for protein A (containing domain Z) and protein G (contain-
ing domain C2) to IgGs of each animal origin and/or sub-type as listed on the website of
New England Biolabs.

anti-cancer immune responses [199–201]. Consequently, we analyzed binding of

a DEC-205-targeting antibody to AbDock-OMVs for potential subsequent exper-

iments exploring the impact of DEC-205 targeting on OMV uptake by DCs and

cell-mediated immune response against associated antigens. Specifically, we incu-

bated fluorescein isothiocyanate (FITC)-labeled monoclonal rat anti-mouse DEC-

205 (IgG2a) antibody to AbDock-OMVs displaying C2 (The Z domain does not

bind to rat antibodies [212]), washed to remove unbound antibody, and quantified

the amount remaining by a fluorescence assay. We found that both anti-DEC-205

and an isotype control bound to C2-OMVs above blank OMVs, with ˜0.15 ng an-

tibody associated per µg OMV (Figure 5.2a). However, the binding was relatively

low. In a similar assay analyzing binding of FITC-labeled rabbit pAb to Z-OMVs,

we attached ˜6.0 ng antibody/µg OMV, about 40x higher than anti-DEC-205 (Fig-

ure 5.2b). Nonetheless the amount bound may be sufficient to observe immune-

modulating effects in future in vitro experiments with dendritic cells.
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Figure 5.2: AbDock-OMVs displaying C2 bind to rat ant-mouse DEC-205 monoclonal
antibody. (a) Binding of FITC-labeled rat anti-mouse DEC-205 monoclonal antibody
(IgG2a) and rat anti-mouse isotype control to AbDock-OMVs displaying the C2 domain.
Following incubation with antibody, unbound protein was washed away and the amount
remaining was quantified by fluorescence using FITC-labeled antibody as the standard.
(a) Binding of FITC-labeled rabbit anti-6xHis to AbDock-OMVs displaying the Z domain.
Antibody binding was analyzed like in (a).

5.2.3 Binding of FDA-approved trastuzumab to AbDock-OMVs for HER+ cell
targeting

Next, we transitioned our focus to attaching antibodies targeting malignant cells,

focusing on the well-characterized antibody trastuzumab which binds HER2. For

comparative analysis, we first created alternative fusion designs to Z-gs-AIDA-Iβ

for displaying the Z domain, including fusions with two Z domain repeats that

may improve affinity and/or binding capacity and with ClyA replacing AIDA-

Iβ as the membrane anchor. All fusions expressed on purified OMVs to compa-

rable levels, with the exception of Z-gs-Z-AIDA-Iβ (Figure 5.3a). We then ana-

lyzed binding of trastuzumab to each Z-OMV design following incubation (10 ng

Ab/µg OMV) and washing to remove unbound antibody. The relative amounts

of antibody present in washed samples was determined using an ELISA format

in which OMVs were immobilized on plates and trastuzumab was probed with

an anti-human secondary antibody. To better characterize the binding efficiency,

purified trastuzumab was also coated on plates at the maximum concentration ex-
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pected in OMV samples assuming no antibody was lost in the wash step. Surpris-

ingly, several of the designs bound to trastuzumab to high levels comparable to the

trastuzumab only coating, indicating almost all antibody remained bound to the

OMVs. However, it should be noted that the Z domain binding sites may not have

been saturated in the incubation step, and more significant differences between

designs may be observed if a large excess of trastuzumab was used. Only ClyA-

Z and Z-gs-Z-AIDA-Iβ bound with comparatively low efficiency, with the latter

likely being due to its lower expression level (Figure 5.3b). Next, we analyzed

functional binding of trastuzumab to Z-gs-AIDA-IβOMVs. Using the same ELISA

format described in Figure 5.1b, we observed good concentration-dependent bind-

ing (Figure 5.3c). Furthermore, when trastuzumab was incubated with immobi-

lized OMVs at a fixed 3.3 nM concentration, and a serial dilution of the HER2

ectodomain was subsequently incubated and probed, we observed significant sig-

nal above controls indicating that OMV-bound trastuzumab maintained binding

function (Figure 5.3d).

5.2.4 Loading of Chemotherapeutic drugs into OMVs

In Gujrati et al.’s paper on OMV-based delivery of siRNA, the siRNA was incor-

porated into OMVs by electroporation. Here, we explored whether efficient in-

corporation of small-molecule chemotherapeutic drugs could be achieved using

the same approach. First, we analyzed incorporation of doxorubicin (DOX), a

clinically-approved anthracycline compound that is naturally fluorescent. DOX

was electroporated with blank JH8033 OMVs (0.5 mg/mL DOX; 1.0 mg/mL OMV)

at constant resistance and capacitance over a range of voltages. Following a short

recovery step at 37°C, samples were ultracentrifuged twice to remove unincor-

porated DOX, and the amount remaining was quantified using a purified DOX

standard curve. We found that the 200 V condition performed the best, yielding
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Figure 5.3: Trastuzumab-docked OMVs attain HER2 binding function. (a) Immunoblot
of various AbDock-OMV designs displaying the Z domain with ClyA or AIDA-Iβ mem-
brane anchors. All visible bands correspond to the expected full-length fusion. The
ClyA only expression control contains a C-terminal FLAG tag. (b) Binding of αHER2
(trastuzumab) antibody to each AbDock-OMV design. Analysis was performed by incu-
bating αHER2 with AbDock-OMVs, washing to remove unbound antibody, and quantify-
ing the amount remaining using an ELISA format. (c) Qualitative Binding analysis αHER
to AbDock-OMVs displaying Z-gs-AIDA-Iβ whereby OMVs are immobilized on plates
and subjected to varying amounts of αHER2, after which plates were washed prior to de-
tection of bound antibody using an HRP-conjugated anti-human secondary antibody. (d)
Qualitative Binding analysis of 6xHis-tagged HER2 ectodomain binding to αHER2-docked
OMVs. Specifically, AbDock-OMVs displaying Z-gs-AIDA-Iβwere immobilized on plates
and incubated with 3.3 nM of αHER2. Subsequently, the plates were subjected to varying
amounts of HER2, after which plates were washed prior to detection of bound HER2 using
anti-polyhistidine antibody. All binding data are the average of triplicate measurements
and error bars represent the standard deviation of the mean.

˜40 ng DOX/µg OMV (Figure 5.4a). Furthermore, when we analyzed the 200 V

sample by TEM, we found that OMV integrity remained largely intact. In contrast,

the 700 V sample contained large aggregates and multilamellar vesicles, indicative

of lysis caused by excessive electroporation voltage (Figure 5.4b). More optimiza-
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tion is needed to determine whether voltages below 200 V would further enhance

DOX incorporation. For the cell killing assays described in the next section, we

repeated a 200 V electroporation with Z-OMVs, incorporating approximately 20

ng DOX/µg OMV.
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Figure 5.4: Loading doxorubicin into JH8033 OMVs by electroporation. (a) Loading
amount of doxorubicin (DOX) into JH8033 OMVs at different electroporation voltages us-
ing 2 mm cuvettes at constant resistance and capacitance (600 Ω and 50 µF, respectively).
OMVs were washed twice by ultracentrifugation prior to quantification using a fluores-
cence standard curve with known concentrations of DOX. The Mix control was treated
identically to the other conditions but was not electroporated. (b) TEM images of JH8033
following mixing with DOX or electroporation at 200 or 700 V. Bar: 500 nM.

5.2.5 HER2+ SKOV3 cell killing with trastuzumab-docked, DOX-loaded
OMVs

Using Z-OMVs loaded with DOX, we analyzed cell killing of SKOV3, a HER2+ hu-

man ovarian cancer cell line. Following incubation with DOX only, DOX-loaded

Z-OMVs, and DOX-loaded Z-OMVs mixed with trastuzumab, we analyzed cell vi-

ability and observed minimal cell killing in all conditions. However, though it was
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not significant, the greatest killing was measured with DOX-loaded, trastuzumab

docked OMVs, which is a sign that the engineered OMVs efficiently delivered

DOX to the cells (Figure 5.5a). Follow up experiments should focus on using

alternative HER2+ cell lines that are more DOX sensitive such as Hepatocellular

carcinoma Hep-G2 [213] or by using drugs that are more potent against SKOV3.

For example, we completed a preliminary SKOV3 cell killing experiment with mi-

toxantrone (MTX), another chemotherapeutic drug, and observed more efficient

concentration-dependent cell killing than DOX (Figure 5.5b). The efficacy of drug-

loaded, trastuzumab-docked OMVs on cell killing may be more effectively evalu-

ated in future work incorporating MTX instead of DOX.
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Figure 5.5: HER2+ SKOV3 cell killing with Trastuzumab-docked, DOX-loaded OMVs.
(a) SKOV3 cell killing assay with DOX, DOX-loaded AbDock-OMVs (Z-gs-AIDA-Iβ) and
DOX-loaded, αHER2-docked OMVs at a range of drug concentrations. Percent cell via-
bility is relative to cells prepared the same way but with buffer only added. (b) SKOV3
cell killing assay with a range of concentrations of DOX and mitoxantrone (MTX), a more
potent chemotherapeutic drug.

5.3 Discussion

Much of the work described in this Chapter is preliminary, and more extensive

characterization of the AbDock-OMV platform is needed, particularly with re-

gards to in vitro cell-targeting and drug delivery experiments. For example, we

did not determine whether AbDock-OMV binding capacity remains intact follow-
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ing drug loading. Furthermore, we have not demonstrated that antibody binding

is both at a sufficient level and stable enough to observe enhanced endocytosis in

cells displaying the antibody’s receptor. Nonetheless, we have laid the technologi-

cal foundation for diverse full-length antibody attachment to OMVs as well as the

incorporation of soluble small-molecule chemotherapeutic drugs.

If we are able to conclusively show that drug-loaded, trastuzumab-docked

OMVs can efficiently deliver drugs to target cells in future work, as we expect

to be the case, it will open up avenues to a variety of downstream experiments.

For example, in vivo studies in a HER2+ tumor model could be performed. Fur-

thermore, multi-purpose therapeutic strategies could be explored, such as OMV-

based drug delivery followed by OMV-based vaccination with TAAs (or vice

versa), or the combined display of antibodies and antigens using multi-functional

OMV scaffolds (e.g., by fusing SpyCatcher or eMA to the antibody-binding do-

main). While OMV-based delivery of chemotherapeutic drugs may be more effec-

tive than immunotherapy alone in quickly reducing tumor size, repeated dosing

of the same formulation could cause systemic cytotoxicity because OMVs, being

of bacterial origin, would likely be endocytosed by a variety of cells even if a can-

cer cell-targeting domain is displayed. The optimal combination of chemo- versus

immune-therapy in OMV-based cancer treatment remains to be determined. If it

is later found that chemotherapeutic drug delivery with OMVs is not practical, the

antibody-docking approach described in this chapter could instead be focused to-

wards modulating anti-cancer immune responses, such as by targeting DEC-205

on dendritic cells or the checkpoint blockade receptor PD-1 on T cells.

Unlike all of the modular approaches to antigen attachment described in Chap-

ters 2 and 3, no modifications are needed to attach full-length antibodies to

AbDock-OMVs, provided that they are of compatible animal origin. Consequently,
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the modularity of the AbDock-OMV platform affords an opportunity for high

throughput in vitro analysis of targeted OMV-based therapies. Then, if a candi-

date targeting domain and potential drug combination is identified, in vivo stud-

ies could be performed. Furthermore, if it is found that antibody-bound OMVs

using the AbDock-OMV platform are ineffective in vivo due to weak antibody as-

sociation or unwanted side effects from the antibody-binding domain, alternative

means of antibody attachment could be used. These include recombinant expres-

sion of smaller targeting domains like single-chain variable fragments (scFvs) and

any of the methods described in Chapters 2 and 3.

5.4 Materials and methods

Strains, growth media, and plasmids

All OMVs in this study were isolated from the hypervesiculating E. coli strain

JH8033, which contains the ΔlpxM deletion to render its LPS less reactogenic [43].

All cells were grown in Luria-Bertani (LB) media (10 g/L tryptone, 10 g/L NaCl,

and 5 g/L yeast extract) or LB supplemented with agar (LBA).

All plasmids used in this study are described in Appendix Table 7.3. ClyA fu-

sions in the expression plasmid pBAD24 were created like described in Chapter

2, and AIDA-Iβ fusions were created like described in Chapter 3. The Z-domain

sequence was PCR-amplified from pEZZ18 (Cytiva) and C2, corresponding to

residues in 260-314 in Protein G from Streptococcus dysgalactiae, was synthesized

as an E. coli codon-optimized gBlock (IDT). Descriptions of linker sequences are

described in Appendix Table 7.3.

OMV preparation

JH8033 OMVs were prepared like described in Chapter 2.
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ELISA

Qualitative binding ELISAs were performed like described in Chapter 3 with a

few modifications. Briefly, OMVs were quantified by BCA and 500 ng OMV were

coated per well in Costar 9018 high-binding 96-well plates. Furthermore, HRP-

conjugated goat anti-mouse pAb, mouse IgG2a and rabbit anti-6xHis pAb were in-

cubated for 90 minutes like with the biotinylated antigens in Chapter 3, after which

plates were washed three times with PBST and probed with TMB-Ultra substrate.

For analysis of trastuzumab binding, HRP-conjugated goat anti-human was used

for detection. For analysis of HER2-6xHis ecotodomain binding to trastuzumab-

docked OMVs, trastuzumab was incubated at a 3.3 nM concentration in all wells,

after which plates were washed and a serial dilution of HER2-6xHis was incubated

for 90 minutes. Then, plates were washed and incubated with goat anti-6xHis pAb

for 1 hour and subsequently probed with TMB-Ultra substrate.

For the semi-quantitative analysis of trastuzumab binding to JH8033 AbDock

OMVs, 100 µg OMV at 1 mg/mL was incubated with 1 µg of trastuzumab for 1

hour at room temperature in PBS pH 7.4, after which mixtures were diluted to

30 mL in PBS and ultracentrifuged at 141,000 x g for 3 h at 4°C. After discarding

the supernatant, pellets were resuspended with 100 µL PBS and quantified BCA.

Equal concentrations of OMVs were then immobilized on ELISA plates in tripli-

cate (Costar 9018). For comparison, purified trastuzumab was also immobilized at

the maximum expected concentration in the OMV samples. Bound antibody was

detected using HRP-conjugated goat anti-human secondary.

Quantification of FITC-labeled antibody binding

For the quantification of FITC-labeled antibody binding to AbDock-OMVs, anti-

bodies were incubated with OMVs and washed by ultracentrifugation like with
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trastuzumab described above. Then, associated antibody was quantified using the

same method used to quantify GFP attachment described in Chapter 2 but using

FITC-labeled antibody to generate standard curves.

DOX loading and quantification

Blank OMVs following ultracentrifugation were suspended in 50 mM HEPES

buffer pH 6.8 and quantified by BCA. 400 mL electroporation mixtures were

prepared to a final concentration of 1 mg/mL OMV, 0.5 mg/mL doxorubicin

hydrochloride (DOX; Sigma) and 25 mM HEPES pH 6.8. Electroporation was

achieved using a BioRad GenePulse electroporator set to constant resistance and

capacitance (600 Ω and 50 µF, respectively) and voltages ranging from 200 V to 700

V. Immediately following electroporation, samples were incubated at 37°C for 30

minutes and subsequently diluted to 30 mL in PBS. Diluted samples were ultra-

centrifuged at 141,000 x g for 3 h at 4°C, after which supernatant was discarded

and the pellet was diluted again in 30 mL fresh PBS. Following a second ultracen-

trifugation step, the double-washed pellets were resuspended in 100 µL PBS and

OMVs were quantified by BCA. DOX loading was quantified by fluorescence us-

ing a purified DOX standard curve and following the method described in Chapter

2 for quantifying GFP attachment to OMVs.

Cell killing assay

Cell killing assays were performed like described previously [214].

Immunoblot

Immunoblot analysis is identical to what is described in Chapter 2.
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CHAPTER 6

FUTURE DIRECTIONS

6.1 Enhancing binding capacity of AddVax SNARE-OMVs

In Chapters 3 and 4, we laid the foundation for the AddVax technology by demon-

strating that it can be used to attach a variety of molecules to OMVs and generate

strong antigen-specific immune responses. However, the technology is still in its

infancy and many improvements, particularly with regards to the preparation of

SNARE-OMVs, should be possible. Furthermore, given that the platform is mod-

ular, we believe the time and effort required would pay off. To this end, we have

begun exploring a variety of strategies to create next-generation AddVax SNARE-

OMVs with a focus on enhancing the SNARE-OMV binding capacity of biotiny-

lated antigens. First, we tested the impacts of genetically modified variants of the

E. coli strain we used in Chapters 3 and 4 (KPM404 ΔnlpI), which we refer to as

the standard reference strain here. As shown in Figure 3.5c, the E. coli outer mem-

brane proteins OmpF and OmpA are highly expressed in OMV preparations, and

we thought eliminating one or both proteins may free up space on the membrane

to allow for higher-density surface display of Lpp-OmpA-eMA, like in previous

studies demonstrating increased surface display on whole cells upon removing

some membrane proteins [215].

Using P1 phage transduction with donor BW25113 strains from the Keio col-

lection [216], we removed ompA or ompF from our standard strain. Next, we trans-

formed each new strain with pTrham-Lpp-OmpA-eMA and prepared OMVs like

described in Chapter 3 with L-rhamnose induction levels ranging from 0.5 to 2.0

mM. Interestingly, the ΔompA strain grew much faster than the standard strain,

while the ΔompF strain grew slower (Figure 6.1b). When a qualitative binding as-

say was performed like in Chapter 3 using biotinylated M30 as a model antigen, we
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found that the standard strain outperformed both of the knockout strains at both

0.5 mM and 1.0 mM L-rhamnose induction levels (Figure 6.1a). However, since

the ΔompF strain had significantly higher binding capacity when increasing L-rha

induction levels from 0.5 to 1.0 mM, we hypothesized that the binding capacity

could be enhanced by optimizing the growth conditions. Surprisingly, when we

prepared ΔompF OMVs from cells grown under a variety of inducer concentra-

tions, growth times and growth temperatures, we found that ΔompF OMVs con-

sistently had only ˜60-80% the binding capacity of standard OMVs (Figure 6.1c).

However, it should be noted that the OMV coating amount was determined by

total protein, but the purity of OMV samples and the amount of protein per vesi-

cle will vary, and more analysis would be needed to better characterize binding

capacities. For example, the approximate OMV concentration could instead be

quantified based on a Purpald assay that measures the core sugar KDO of LPS,

like when we quantified GFP-dockerin binding in Chapter 2 (Figure 2.1b). Further-

more, SNARE-OMVs lacking OmpA and/or OmpF could have significantly differ-

ent characteristics compared to standard OMVs, including size, surface charge and

immunogenicity, all of which could improve immune responses against bound bi-

otinylated antigens even if the amount associated is lower.

An alternative and more straightforward strategy to increase SNARE-OMV

binding capacity is to fuse multiple avidin domains to the same membrane anchor.

Thus, we fused two eMA domains separated by a 3x(GGGGS) flexible linker to

Lpp-OmpA, yielding plasmid pTrham-Lpp-OmpA-2xeMA, and analyzed expres-

sion in KPM404 ΔnlpI after preparing OMVs as described in Chapter 3. We found

that 2xeMA could be expressed on OMVs upon immunoblot analysis, though there

was a significant degradation product. Furthermore, OMVs displaying 2xeMA

had approximately the same, if not a bit worse, binding capacity to biotinylated
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Figure 6.1: AddVax SNARE-OMV binding from ompA and ompF knockout E. coli
KPM404 ΔnlpI. (a) Culture cell densities (OD600) for the standard strain KPM404 ΔnlpI
or modified strains with either ompA or ompF removed, using the standard SNARE-OMV
preparation conditions with 1.0 mM L-rha induction. (b) Biotin M30 binding to SNARE-
OMVs from each strain produced using 0.5 mM (left) or 1.0 mM (1.0) L-rha induction
during culturing. (c) Binding of biotin GFP with standard SNARE-OMVs (0.5 mM L-rha
induction) and the ΔompF strain at L-rha induction levels ranging from 0.5 to 2.0 mM and
varying growth conditions as indicated. All binding data are the average of duplicate mea-
surements and error bars represent the standard deviation of the mean.

GFP than standard SNARE-OMVs displaying 1xeMA (Figure 6.2a). This result

could be due to a combination of instability as indicated by the degradation prod-

ucts, miss-folding (e.g., improper disulfide bonding), or inaccessibility of the bind-

ing domains. Future modifications of the 2xeMA design (e.g., including a rigid

instead of flexible linker), may result in improved binding capacity.

Degradation appears to be problematic for both 1xeMA and 2xeMA Lpp-
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OmpA fusions, which may be related to a cell stress response. For example,

overexpression of Lpp-OmpA-eMA from pBAD24 abolishes cell growth (Figure

3.4), but significant cell stress may also occur at lower inducer levels. Indeed, it

can be difficult to control expression levels using inducible promoters, including

PrhaBAD in pTrham. In a real-time study of protein expression levels in E. coli

using a plasmid containing PrhaBAD, Hjelm et al. demonstrated that expression

level was independent of the amount of L-rha inducer. The amount of inducer only

affected the length of time in which expression occurred because L-rha was even-

tually metabolized by the cell [133]. Consequently, in the preparation of SNARE-

OMVs, Lpp-OmpA-eMA may be over-expressed for a few hours, after which L-

rha is no longer present, giving most of the cells time to recover. This would

also explain why inducing at higher ODs resulted in higher binding capacities of

SNARE-OMVs (Figure 3.4). That is, more cells would saturate their outer mem-

brane with Lpp-OmpA-eMA and subsequently bleb SNARE-OMVs. To achieve

concentration-dependent expression levels with the rhaBAD promoter, Hjelm et

al. removed two genes: the L-rha importer rhaT and an enzyme involved in L-rha

catabolism called rhaB. The resulting strain had highly titratable expression levels

over a broad inducer concentration range. A graphic of the predicted expression

behavior of Lpp-OmpA-eMA in our standard strain versus a ΔrhaTΔrhaB strain

is shown in (Figure 6.2b). Efforts to remove both genes from KPM404 ΔnlpI are

ongoing.

Finally, with major advancements in accurate machine-learning based ap-

proaches to predict protein structures such as AlphaFold and RoseTTafold [217,

218], structurally-informed modifications to SNARE-OMV designs should be pos-

sible. As a starting point, we applied Rosetta comparative modeling to our Lpp-

OmpA-eMA sequence using the known structure of OmpA as a template structure
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Figure 6.2: Additional strategies to increase AddVax SNARE-OMV binding capacity.
(a) (left) Immunoblot of standard SNARE-OMVs (expressing Lpp-OmpA-1xeMA) and
SNARE-OMVs from a Lpp-OmpA-2xeMA fusion. Bands corresponding to full-length
protein are indicated with arrowheads. (right) Binding of biotin GFP to the same SNARE-
OMVs displaying 1xeMA or 2xeMA. (b) (left) Predicted behavior of LppOmpA-eMA accu-
mulation under standard growth conditions used to make SNARE-OMVs with 0.5 L-rha
versus 10 mM L-rha induction. (right) Predicted behavior of LppOmpA-eMA accumu-
lation under a range of L-rha induction levels if rhaB and rhaT were removed from the
production strain. The predictions are based on real-time tracking analysis with L-rha in-
ducible promoters as described by Hjelm et al. [133].

(PDB ID 1G90) [219]. The resulting structure prediction is shown in Figure 6.3 with

features highlighted, and it aligned well with what we would expect. This includes

a Lpp sequence inserted into the inner leaflet of the outer membrane, a porin-like

structure for OmpA, and eMA both folding separately from OmpA and aligning

well with the known structure of rhizavidin from which eMA is derived (PDB ID

3EW2). Future work could focus on optimizing the algorithm parameters to deter-

mine the best settings for predicting the structures of unnatural protein chimeras

like Lpp-OmpA-eMA or the many other fusions described throughout this disser-

tation. Subsequently, the predicted structures of both existing and untested fusion

designs could be generated to better understand expression behavior and inform

future work. For example, the Lpp-OmpA-eMA structure in Figure 6.3 appears

to contain a largely unstructured c-myc tag (EQKLISEEDL) that may be a source

of proteolysis at the leucine or isoleucine residues. That is, there are several pro-
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teases in E. coli that cleave between hydrophobic residues which, when exposed,

are a common signature of protein miss-folding [220].

FLAG tag
Lpp (1-9)

c-myc tag

gly-ser linkers

OmpA (46-159)

eMA

Figure 6.3: Predicted structure of Lpp-ompA-eMA using Rosetta comparative model-
ing. Rosetta comparative modeling [183] of Lpp-OmpA-eMA using the structure of E. coli
OmpA (PDB ID IG90 [219]) as the template structure and the full amino acid sequence of
Lpp-OmpA-eMA as the input sequence (excluding the signal peptide). Key domains and
inserted tags are highlighted. Numbers in parentheses refer to the residue numbers in the
native Lpp and OmpA proteins.

6.2 Enrichment of AddVax SNARE-OMVs using biotin-agarose resin

The OMV preparation method described in this dissertation includes one or two

multi-hour ultracentrifuge spins, but ultracentrifugation is rarely used in indus-

try because it has limited scalability. Instead, OMVs are concentrated by other

means such as ultrafiltration, which, though effective, can result in lower pu-

rity and increased sample loss due to membrane fouling [221]. For both meth-

ods, the concentrated product can subsequently be run through a size exclusion

chromatography (SEC) column to remove smaller-sized proteins and protein ag-

gregates. The expression of biotin-binding avidin domains on AddVax SNARE-

OMVs affords a unique opportunity for an alternative purification strategy. Anal-
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ogous to our purification of biotinylated proteins using avidin resin described in

Chapter 3, biotinylated resin may be used to purify SNARE-OMVs displaying

enhanced monoavidin (eMA). For example, the cell supernatant collected after

growth and induction of KPM404 ΔnlpI cells inducing Lpp-OmpA-eMA could be

flown through a biotin resin to capture all avidin domains, and the concentrated

elute could be ultracentrifuged or run through an SEC column to separate OMVs

from soluble eMA (Figure 6.4a). This strategy would not only improve the scalabil-

ity of SNARE-OMV purification but may also increase binding capacity as OMVs

displaying little to no eMA would be removed.

In an initial experiment exploring the purification of AddVax SNARE-OMVs

using affinity chromatography we tested iminobiotin agarose (Thermo-Fisher), a

pH-sensitive biotin variant for which biotin-binding proteins bind strongly at pH

˜10 and elute at pH ˜4 in contrast to the harsh pH ˜1 elution required to separate

proteins like streptavidin from unmodified biotin. However, binding of SNARE-

OMVs to the resin was negligible as indicated by Lowry (Peterson’s modification)

following ultracentrifugation and resuspension of the pH 4.0 elute. We hypoth-

esized that the observed results were because eMA may have very weak affinity

to biotin at high pH in contrast to multimeric biotin-binding proteins like strep-

tavidin. Consequently, we performed a similar experiment with standard biotin

agarose and observed visible binding first indicated by a color change in the resin.

Following elution at pH 9.8, some color was lost, but the color remained with sub-

sequent elutions ranging from pH 2 to pH 10, indicating some protein was still

bound and optimization of elution conditions may be necessary (e.g., by adding a

moderate concentration of urea). Nonetheless, more protein was detected in the

pH 9.8 elute compared to the resin wash (but lower than the flow-through), indi-

cating specific resin association (Figure 6.4b). Furthermore, a binding assay with
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biotinylated 3xS811 demonstrated that the eMA domain was still functional. How-

ever, the binding capacity was approximately the same as the resin flow-through,

suggesting that most of the avidin domains did not bind to the resin in the enrich-

ment step. (Figure 6.4c). Consequently, higher than expected resin volumes may be

required for purification of SNARE-OMVs, potentially because the resin binding

capacity, which is determined by the manufacturer using soluble proteins, is sig-

nificantly lower with OMVs due to their high surface area. Note that the observed

lower binding for standard purification compared to the flow through and elute

was surprising and may be due to incomplete washing. A follow-up experiment

is needed to verify that result. Although much more work is required to optimize

this system and demonstrate that OMV integrity can be maintained, it lays the

foundation for the scalable enrichment of AddVax SNARE-OMVs. Furthermore, if

it is later found that the eMA-biotin interaction is too strong and OMVs cannot be

sufficiently eluted without impacting OMV integrity (e.g., high pH causing OMV

lysis or aggregation), alternative binding domains could be used for affinity chro-

matography. For example, an Fc-tag or MBP-tag could be fused to the end of eMA

for affinity purification with Protein A or amylose resin, respectively.

6.3 Characterization of OMV purity and composition from hypervesiculating

E. coli strains

As described in the introduction (Chapter 1), the characteristics and composition

of OMV samples will vary based on different growth conditions and the particular

strain that is used. Consequently, it is important to characterize these differences

to better understand responses to OMV vaccines and to develop more effective

formulations. For example, we observed some interesting characteristics of the

JH8033 OMVs we used in Chapters 2 and 5. In our initial development of the Ad-
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Figure 6.4: OMV purification strategies including selective enrichment of AddVax
SNARE-OMVs. (a) Pipelines for the concentration of purification of OMVs. ”Standard”
refers to the purification protocol described in Chapters 3 and 4 of this document. In
industrial-scale production, OMV may be concentrated using an ultrafilter followed by pu-
rification by SEC, if necessary. AddVax SNARE-OMVs could be selectively enriched using
biotin or iminobiotin resin followed by a single ultracentrifugation spin or SEC to remove
avidin domains that aren’t OMV associated. (b) Protein yields from a preliminary study in
which AddVax SNARE-OMVs were purified from KPM404 ΔnlpI cell supernatant using
biotin agarose resin. Resin was washed with PBS pH 7.4 and eluted with pH 9.8 sodium
carbonate buffer. All samples were ultracentrifuged and resuspended in PBS pH 7.4 prior
to quantification by Lowry (Peterson’s modification). c) Binding assay with biotin 3xS811
for SNARE-OMV prepared the standard way described in Chapter 3 (no wash step) ver-
sus flow through and elution following affinity-based purification of cell supernatant with
biotin agarose resin.

dVax SNARE-OMV technology, we fused monomeric streptavidin (mSA) to ClyA

and expressed it on JH8033 OMVs. To characterize biotin binding, we ran the
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ultracentrifuged OMVs through a HiPrep Sephacryl S-500 HR SEC column (Cy-

tiva) and observed two distinct peaks in the Abs280 profile (Figure 6.5a). Fractions

corresponding to each peak were pooled and concentrated and the samples were

analyzed by immunoblot in which we probed for both the FLAG tag fused to ClyA-

mSA and the native E. coli outer membrane protein OmpX. Interestingly we only

saw ClyA-mSA expression in the first peak while similar amounts of OmpX were

observed in both (Figure 6.5b). Next, we analyzed the samples by TEM and ob-

served OMVs with distinct lipid bilayers only in peak 1. Peak 2 contained smaller,

more uniform particles with no bilayers that may be indicative of LPS-rich micelles

(Figure 6.5c) [222]. This is supported by evidence that OmpX naturally associates

with LPS [223]. Furthermore, although OmpA also associates with LPS [223], it

remains to be seen whether Lpp-OmpA-eMA, which is displayed on the SNARE-

OMVs described in Chapters 3 and 4 and only contains residues 46-159 of native

OmpA, associates in a similar way. Nonetheless, the effect of micelles on immune

responses is unknown, and the fraction contained within an OMV preparation may

depend significantly on the growth conditions and strain used. Furthermore, re-

moving the micelles from an OMV prepration may reduce LPS-mediated toxicity

or result in much higher concentrations of heterologous antigens or binding do-

mains when normalized to the total protein in a sample. Comparative studies

looking at different strains with and without SEC purification could lead to a bet-

ter understanding of OMV-based adjuvanticity and the design of more effective

vaccine formulations.
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sion. (a) SEC Abs280 profile of JH8033 OMVs purified from cells expressing ClyA fused
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off centrifugal filters. Anti-FLAG antibody was used to detect the C-terminal FLAG tag
in ClyA-mSA. Native E. coli outer membrane protein OmpX was detected using αOmpX
antisera. (c) TEM images of concentrated peak 1 and peak 2. Bar: 200 nm.

ies with SNARE-OMVs from genetic knockout strains.
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CHAPTER 7

APPENDIX: SUPPLEMENTARY TABLES

Table 7.1: Plasmids used in Chapter 2.
Name Desciption Reference
pET24a(+)-Cm E. coli expression plasmid derived from pET-24a(+) but

with CmR resistance marker; CmR
Lab stock

pET24-GFP Encodes FACS-optimized GFPmut2 variant with C-
terminal 6xHis tag in pET-24a(+)-Cm; CmR

This study

pTrc99a-GFP-
DockCC

Encodes GFPmut2-DockCC fusion with C-terminal
6xHis tag in pET-24a(+)-Cm; CmR

[76]

pTrc99a-GFP-
DockCT

Encodes GFPmut2-DockCT fusion with C-terminal 6xHis
tag in pET-24a(+)-Cm; CmR

[76]

pTrc99a-GFP-
DockRF

Encodes GFPmut2-DockRF fusion with C-terminal 6xHis
tag in pET-24a(+)-Cm; CmR

[76]

pET24-GFP-
DockCC

Encodes GFPmut2-DockCC fusion with C-terminal
6xHis tag in pET-24a(+)-Cm; CmR

This study

pET24-GFP-
DockCT

Encodes GFPmut2-DockCT fusion with C-terminal 6xHis
tag in pET-24a(+)-Cm; CmR

This study

pET24-GFP-
DockRF

Encodes GFPmut2-DockRF fusion with C-terminal 6xHis
tag in pET-24a(+)-Cm; CmR

This study

pBAD18a-
FtDnaK

Encodes Encodes Ft DnaK with a PelB signal peptide;
AmpR

lab stock

pBAD18a-
FtGroEL

Encodes Encodes Ft GroEL with a PelB signal peptide;
AmpR

lab stock

pBAD18a-
FtKatG

Encodes Ft KatG with a PelB signal peptide; AmpR lab stock

pET24-FtDnaK-
DockCC

Encodes Ft DnaK with a PelB signal peptide and DockCC
sequence with C-terminal 6xHis tag; AmpR

This study

pET24-FtGroEL-
DockCT

Encodes Ft GroEL with a PelB signal peptide and
DockCC sequence with C-terminal 6xHis tag; AmpR

This study

pET24-FtKatG-
DockRF

Encodes Ft KatG with a PelB signal peptide and DockCC
sequence with C-terminal 6xHis tag; AmpR

This study

pVLT33-INP-
scaf3

Encodes ice nucleation protein (INP) fusion with cohesin
CC, cellulose binding domain (CBD), cohesin CT and co-
hesin RF with a C-terminal 6xHis tag; KanR

[76]

pVLT33-INP-
scaf3-FLAG

Encodes ice nucleation protein (INP) fusion with cohesin
CC, cellulose binding domain (CBD), cohesin CT and co-
hesin RF with a C-terminal FLAG tag; KanR

This study
(unused)

pET28-SpyTag-
MBP

Encodes SpyTag-MBP with an N-terminal 6xHis tag and
thrombin site; KanR

Addgene
35050 [69]
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pDEST14-
SpyCatcher

Encodes SpyCatcher with an N-terminal 6xHis tag and
thrombin site; AmpR

Addgene
35044 [69]

pDEST14-
SpyCatcherEQ

Encodes SpyCatcherEQ with an N-terminal 6xHis tag
and thrombin site; AmpR

Addgene
35045 [69]

pET28-
SnoopTag-MBP

Encodes SpyTag-MBP with an N-terminal 6xHis tag and
thrombin site; KanR

Addgene
72323 [124]

pET28a-
SnoopCatcher

Encodes GFPmut2-DockRF fusion with Cterminal 6xHis
tag in pET-24a(+)-Cm; CmR

Addgene
72322 [124]

pGEX4T1-ClyA-
Affibody

Encodes ClyA fusion to an anti-HER2 affibody with an
internal myc tag AmpR

[125]

pBAD24-ClyA-
SpyCatcher-
FLAG

Encodes ClyA from pGEX4T1-ClyA-Affibody fused
to SpyCatcher from pDEST14-SpyCatcher with a C-
terminal FLAG tag AmpR

This work

pBAD24-ClyA-
SpyCatcherEQ-
FLAG

Encodes ClyA from pGEX4T1-ClyA-Affibody fused to
SpyCatcherEQ from pDEST14-SpyCatcherEQ with a C-
terminal FLAG tag AmpR

This work

pBAD24-
ClyA-FLAG-
SpyCatcher

Encodes ClyA from pGEX4T1-ClyA-Affibody fused to
SpyCatcher from pDEST14-SpyCatcher with an internal
FLAG tag AmpR

This work

pBAD24-
ClyA-FLAG-
SpyCatcherEQ

Encodes ClyA from pGEX4T1-ClyA-Affibody fused to
SpyCatcherEQ from pDEST14-SpyCatcherEQ with an in-
ternal FLAG tag AmpR

This work

pBAD24-ClyA-
SpyCatcher-
SnoopCatcher

Encodes ClyA-SpyCatcher-2x(GGGGS)-SnoopCatcher
fusion with a C-terminal FLAG tag AmpR

This work

pMAF10-PglB Encodes Campylobacter jejuni PglB oligosaccharyltrans-
ferase in pMAF10; TmpR

[41]

pGAB2 Encodes F. tularensis SchuS4 O-PS biosynthesis pathway;
tetR

[149]

Table 7.2: Plasmids used in Chapter 3
Name Desciption Reference
pET24-GFP Encodes FACS-optimized GFPmut2 variant with C-

terminal 6xHis tag in pET-24a(+)-Cm; CmR
Chapter 2

pET21d-Sx Encodes SIMPLEx components MBP at the Nterminus
and ApoAI* at the C-terminus with multicloning site for
insertion of POIs between MBP and ApoAI*; AmpR

[157]

pET21-Sx-Cm-
MOMP

Encodes Cm-MOMP in pET21d-Sx; AmpR; This study

pCM189 Yeast expression plasmid with a tetracycline-regulated
promoter; AmpR

[224]
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pCM-GFP Encodes S. cerevisae codon-optimized GFP with a C-
terminal 6xHis tag in pCM189; AmpR

This study

pTrc99s-ssDsbA-
CRM1974xDQNAT

Encodes CRM197 with a DsbA translocation signal and
4xDQNAT glycosylation tag for glycosylation with PglB
OST; AmpR

[126]

pGAB2 Encodes F. tularensis SchuS4 O-PS biosynthesis pathway;
tetR

[149]

pMAF10-PglB Encodes Campylobacter jejuni PglB oligosaccharyltrans-
ferase in pMAF10; TmpR

[41]

pIVEX2.4d Plasmid for E. coli cell-based and cell-free expression
with a strong T7 promoter; AmpR

[225]

pET45-rCm-
MOMP

Encodes Cm-MOMP without its native signal peptide in
pET-45b(+); AmpR

[142]

pClyA-GFP Encodes ClyA-GFPmut2 fusion in pBAD18-Cm; CmR [112]
pBAD24-ClyA-
eMA

Encodes ClyA-c-Myc-eMA-FLAG fusion in pBAD24;
AmpR

This study

pBAD24-Lpp-
OmpA-eMA

Encodes Lpp-OmpA-c-Myc-eMA-FLAG fusion in
pBAD24; AmpR

This study

pBAD24-
Intimin-eMA

Encodes Int-c-Myc-eMA-FLAG fusion in pBAD24; AmpR This study

pBAD24-eMA-
Hbpβ

Encodes spPelB-FLAG-eMA-c-Myc-HBPβ fusion in
pBAD24; AmpR

This study

pBAD24-eMA-
Ag43β

Encodes spPelB-FLAG-eMA-c-Myc-Ag43β fusion in
pBAD24; AmpR

This study

pBAD24-eMA-
IgAPβ

Encodes spPelB-FLAG-eMA-c-Myc-IgAPβ fusion in
pBAD24; AmpR

This study

pBAD24-eMA-
AIDA-Iβ

Encodes spPelB-FLAG-eMA-AIDA-Iβ fusion in pBAD24;
AmpR

This study

pTrham E. coli expression vector containing L-rhamnose in-
ducible promoter rhaBAD; AmpR

Amid Bio-
sciences

pTrham-Lpp-
OmpA-eMA

Encodes Lpp-OmpA-c-Myc-eMA-FLAG fusion in
pTrham; AmpR

This study

pTrham-eMA-
IgaPβ

Encodes ssPelB-FLAG-eMA-c-Myc-IgAPβ fusion in
pTrham; AmpR

This study

pTrham-Lpp-
OmpA-mSAS25H

Encodes Lpp-OmpA-c-Myc-mSAS25H-FLAG fusion in
pTrham; AmpR

This study

pTrham-Lpp-
OmpA-SA

Encodes Lpp-OmpA-myc-SA-FLAG fusion in pTrham;
AmpR

This study

pTrham-Lpp-
OmpA-RA

Encodes Lpp-OmpA-myc-RA-FLAG fusion in pTrham;
AmpR

This study
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Table 7.3: Plasmids used in Chapter 5.
Name Desciption Reference
pBAD24-ClyA Encodes E. coli ClyA with a C-terminal FLAG tag AmpR This work
pEZZ18 Encodes S. auereus Protein A signal sequence and two

synthetic Z domains. AmpR
Cytiva

pBAD24-ClyA-Z Encodes ClyA-(GGGG linker)-Z-FLAG fusion; AmpR This work
pBAD24-ClyA-
ZZ

Encodes ClyA-(GGGG linker)-Z-Z-FLAG fusion; AmpR This work

pBAD24-FLAG-
AIDA

Encodes spPelB-FLAG-AIDA-Iβ fusion; AmpR This work

pBAD24-Z-
AIDA

Encodes spPelB-FLAG-Z-AIDA-Iβ fusion; AmpR This work
(unused)

pBAD24-Z-gs-
AIDA

Encodes spPelB-FLAG-Z-(GGGGSGGGGS linker)-
AIDA-Iβ fusion; AmpR

This work

pBAD24-Z-gs-Z-
AIDA

Encodes spPelB-FLAG-Z-(GGGGSGGGGS linker)-Z-
AIDA-Iβ fusion; AmpR

This work

pBAD24-Z-gs-Z-
gs-AIDA

Encodes spPelB-FLAG-Z-(GGGGSGGGGS linker)-Z-
(GGGGSGGGGS linker)-AIDA-Iβ fusion; AmpR

This work

pBAD24-C2-gs-
AIDA

Encodes spPelB-FLAG-C2-(GGGGSGGGGS linker)-
AIDA-Iβ fusion; AmpR

This work

pVITRO1-
Trastuzumab-
IgG1/k

Encodes full-length Trastuzumab, which binds HER2, for
expression in mammalian cells; HygromycinR

Addgene
61883 [226]
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